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ABSTRACT

This study has investigated the feasibility of using locally available fly ashes (FAs)
to synthesize alkali-activated concrete (AAC) for different structural and repair
applications. Using AAC made of 100% FA reduces global CO2 emissions, saves energy,
and decreases raw material consumption during the production process of ordinary
Portland cement. Class C FAs, sourced from Labadie, Jeffery City, Kansas City, Thomas
Hill, and Sikeston power plants in the state of Missouri, were used to synthesize the AAC.
Sodium silicate (SS), Na2SiO3, and sodium hydroxide (SH), NaOH were used as the alkali
activators. Slag, crumb rubber, and air-entraining admixture were used as additives to
improve the durability of the AAC. Mixing procedure, water/FA, Alk/FA, SS/SH, curing
regime, fresh properties, mechanical properties, durability, and repair applicability of the
AAC were studied. A conventional concrete (CC) mixture was prepared for comparison
purposes. Three curing regimes (oven, ambient, and moist) were applied to the AAC.
This study revealed that AAC can be used as a replacement for CC. AAC showed
good workability and adequate compressive strength for structural applications ranging
from 3,660 psi to 7,465 psi based on the curing regime and source of FA. Some AAC
mixtures successfully passed 300 cycles of freeze and thaw per ASTM C666-15 procedures
A and B. AAC also presents higher corrosion resistance compared to CC. AAC mixtures
have a low to moderate permeability and chloride ion penetrability, while the CC mixture
showed a high permeability and chloride ion penetrability. Finally, AAC can be used as a
repair material for existing concrete structures. The bond between AAC as a repair material
and CC as a host material was adequate and comparable to the bond between CC and CC.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND
The annual global concrete production amounts to four tons per capita and about
1.7 tons in the United States [1]. The U.S. consumed about 230 million m3 of ready mixed
concrete during 2014 [1]. These tremendous numbers are due to the multiple construction
applications of concrete, including buildings, bridges, tunnels, pavement, and dams. It was
estimated that more than 70% of the bridges and 50% of the low rise buildings throughout
the U.S. are constructed using concrete [1], which makes it the most consumed material
after water in the world [2].
Concrete is a composite material that includes cement, aggregates, and water.
Cement acts as the binder of the concrete, so it is one of the most important concrete
components. The volume of cement represents between 7% to 14% of the total volume of
the concrete mixture [1]. The global production of the cement industry has had a massive
growth; in 1950 the production was 133 million tons and increased to 4.2 billion tons in
2014 [3]. The U.S. consumed 86.5 million metric tons of Portland cement (OPC) in 2014
[1]. However, the production of one ton of ordinary Portland cement causes about one ton
of CO2 emissions, which represents about 8% of the global CO2 emissions [4-7]. In
addition, 1.7 tons of raw materials are required for the production of one ton of cement.
Furthermore, the consumed energy during the cement production is about 3000 kJ for each
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kg of clinker during the cement production. Therefore, finding a more environmentally
friendly alternative to cement is an urgent need.
One way to reduce cement usage is to partially replace it with by-product or natural
pozzolanic materials such as fly ash (FA), ground granulated blast furnace slag (GGBFS),
and metakaolin (MK). Utilizing fly ash in the concrete industry has not only a good impact
on the environment but also improves the rheology, mechanical strength, durability, and
economy of concrete production [8, 9]. However, FA has a negative effect on the concrete’s
early strength, especially with a high replacement ratio [10].
Another way to improve the sustainability of concrete is totally replace the cement
by these by-products or natural pozzolanic materials, producing alkali-activated concrete
(AAC) [6, 11]. The AAC is synthesized by reacting a material rich in silica and alumina
such as FA with alkali solutions such as sodium silicate and/or sodium hydroxide that
induce the formation of strong binding phases. AAC possess attractive characteristics such
as sustainability [12], lower shrinkage [13], better fire and acid resistance, durability [14],
lower creep [15], and better resistance to sulphuric acid attack [16].
FA is a by-product of coal combustion during energy generation in power plants.
The FA production in the U.S. reached 53.4 million tons in 2013 [17]. According to a
forecast study prepared by the American Road and Transportation Builders Association,
FA production will reach 54.6 in 2033 with two 95% confidential intervals as shown in
Figure 1.1, which assure the sustainability of FA production for long term usage [17]. There
will be a relatively unchanged amount of electrical power generated from coal in the next
few decades due to several socioeconomic factors [17].
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Figure 1.1: FA production [17].
Missouri is the fourth largest coal consumer in the U.S. [18]. Coal-fired power
plants generate 6,679 thousand MWh or 81.3% of the electricity in the state of Missouri
which generate about 2.7 million tons of coal combustion residuals (CCRs) annually. The
CCR disposal issue is not limited to Missouri; rather, it is a national issue with CCRs being
the second largest waste stream in the U.S. One-hundred and forty million tons of fly ash,
a byproduct of coal combustion, is generated annually in the U.S. Only 50 million tons are
reused, and the remaining fly ash is stored in landfills at dry storage and ponds, where
water is added to stabilize the fly ash [17]. Embankment collapses in these ponds may lead
to destruction of nearby areas and leaching of heavy metal into soil [19]. On December 22,
2008, a dike which was holding back an 84 acre pond of wet coal ash collapsed at the
Tennessee Valley Authority’s Kingston plant, filling the Emory River with ash and creating
huge mounds of toxic waste (Figure 1.2) [20, 21].
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Figure 1.2: A failed impoundment at the Kingston plant in eastern Tennessee [20].
1.1.1. Chemical Properties of FA. The binder in AAC consists of an aluminasilicate rich material such as FA and alkali activators. FA is a combination of coal
impurities and flue gases, and hence there is strong variability in the physical and chemical
properties of FA. The FA chemical composition is affected by the type of burned coal that
is used to produce it. Table 1.1 summarizes the chemical composition of the FAs derived
from different coals sources [22].
Table 1.1: Chemical Composition of the FAs Derived from Different Coal Sources (%)
[22].
Chemical composition
SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
SO3
LOI*
a

LOI: Loss on ignition

Bituminous
20-60
5-35
10-40
1-12
0-5
0-4
0-3
0-4
0-15

Sub-bituminous
40-60
20-30
4-10
5-30
1-6
0-2
0-4
0-2
0-3

Lignite
15-45
10-25
4-15
15-40
3-10
0-6
0-4
0-10
0-5
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ASTM C618-15 [23] classifies FA into two types, class C and class F, based on the
summation of the oxide content. In the case of class F, the oxides’ content is higher than
or equal to 70% of the total weight of the FA while it has to be between 50% and 70% of
the total weight of the FA in the case of class C. Despite the importance of the calcium
content on the characteristics of FA, ASTM C618-15 doesn’t consider that. However, it is
more common to find that class F has a low calcium content while class C has high calcium
content. Other standards, such as CSA A3001 [24], considers the calcium content when
classifying a FA. CSA A3001 [24] classifies FA into three classes. Class F, which has CaO
up to 8%, class CI, which has CaO from 8% to 20%, and class CH, which has CaO more
than 20%. Figure 1.3 presents a correlation between ASTM C618-15 and CSA A3001
classifications.

Figure 1.3: Correlation between the ASTM C618-15 [23] and CSA A3001 [24]
classifications.
1.1.2. Physical Properties of FA. FA particles have either a solid or hollow
spherical shape. The majority of the FAs are amorphous (glassy) material in nature [22].
The particle size distribution of most of the bituminous FAs is smaller than 0.0029 in (sieve
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no. 200) [22], while those derived from sub-bituminous coals have slightly coarser
particles. The FA specific gravity ranges from 2.1 to 3.0 depending on its chemical
composition[22]. The FA surface area ranges from 119522 to 703070 in2/lb (170 to 1000
m2/kg) [22]. Increasing the surface area of FA by grinding resulted in higher strength [25].
However, grinding FA increases the production cost. Similarly, the particle size
distribution of FA affects the performance of AAC [26].
A comprehensive research on AAC was carried out in Australia where class F is
the dominant precursor as it is readily available [13, 27-33]. Research on class C FA-based
AAC is however limited, and results are contradicting as explained in the literature review
section of this proposal [21, 34-38]. Therefore, a further investigation is needed to examine
the feasibility and characterize class C FA-based AAC.

1.2. OBJECTIVE AND PROPOSED RESEARCH PLAN
Class F FA-based AAC is typically used with an elevated temperature curing [13,
27-33]. However, when class C FA is used as a precursor for AAC, different curing regimes
including ambient and elevated temperatures are used and the results are contradicting due
to the variations in the chemical compositions compared to that of class F [21, 34-38].
Furthermore, while all MO State FAs are classified as class C FAs they have different
chemical compositions and physical properties. For example, the calcium content of FAs
sourced in MO ranged from 21% to 37% which could make a big difference in the
performance of the AAC synthesized using those FAs. Therefore, a comprehensive study
is needed to examine the feasibility of using MO State FAs as a precursor for structural
AAC.
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This study characterizes and utilizes MO State’s FAs as a precursor for alkali
activated paste, mortar, and concrete based on their chemical composition and physical
properties. The objectives of this research proposal can be summarized as follows:
•

Optimizing the mixing procedure for the class C FAs-based AAC.

•

Developing mix design and curing regimes suitable for class C FAs-based AAC for
different applications.

•

Characterization the mechanical properties and durability of the class C FAs-based
AAC.

•

Studying the feasibility of using class C FAs-based AAC as a repair material for
CC.

1.3. DISSERTATION OUTLINE
This dissertation includes three sections (Figure 1.4). Section 1 includes a brief
introduction to the subject area, the objectives and scope of the dissertation, and a literature
review establishing the state of the art of the research area. Section 2 contains six journal
papers that discuss optimizing the mixing procedure for the class C FA-based AAC, and
fresh properties, mechanical properties, and durability of class C FAs-based AAC. In
addition, the class C FAs-based AAC was studies as repair material for structures sythesied
using CC. Section 3 presents the key findings of all experiments, which were executed
during this research study, as well as a proposal for future research.
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Figure 1.4: Dissertation outline
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2. LITERATURE REVIEW

2.1. CONSTITUENTS OF ALKALI-ACTIVATED CONCRETE
AAC is a relatively new type of concrete where the Portland cement binder in
conventional concrete is replaced with other binders. In the 1970s, Davidovits developed
a new class of concrete material called geopolymer concrete (GC) in which 100% of OPC
is replaced with aluminosilicate-rich material such as fly ash that is polymerized using an
alkaline solution. The chemical reaction, which is called geopolymerization, takes place
between the aluminosilicate and alkaline solution resulting in an inorganic amorphous
three-dimensional polymeric chain and ring structure consisting of Si-O-Al-O bonds [3942]. The geopolymerization process can be described by Eq. 1.1 [43]. The
geopolymerization is quite different from the common hydration process that takes place
in conventional concrete (CC).
n(Si2 O5 , Al2 O2 ) + 2nSiO2 + 4nH2 O + (Na+ , K + ) → n(OH)3 − Si − O − Al− − O − Si − (OH)3

(1.1a)

(𝑂𝐻)2

n(OH)3 − Si − O − Al− − O − Si → (Na+ , K + ) − (−Si − O − Al− − O − Si − O −)n + 4nH2 O
(OH)2

(OH)3

O

O

(1.1b)

O

2.1.1. Precursors. Both class F and C FAs as well as slag were used to synthesize
AAC. FA has a finer particle size than slag; therefore, FA displayed higher reactivity [36].
Early research on AAC focused on using Class F (low calcium) FA as a precursor due to
its low calcium content [13, 27-30, 32, 33, 44]. The calcium content in the case of FA class
F is considered as a contamination, producing different chemical assemblage that may
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cause lower strength and a lower reaction rate [36, 37, 45]. Recently, class C FA has been
emerged as a promising precursor [5, 46-50]. The existence of calcium in class C FA forms
calcium silicate hydrate (C-S-H) while the alumina and silicate go through the
geopolymerization process. Therefore, as the fraction of calcium silicate hydrate increases,
the setting time decreases, and the compressive strength increases [21]. Class F FA is
generally used in production of AAC cured at elevated temperatures where the
geopolymerization process requires a higher temperature in order to take place [51], while
class C FA is generally used in production of ambient-cured AAC.
FA’s chemical and physical properties have significant effects on AAC. FA was
sourced from 25 different sources (13 class F and 12 class C) to study the effect of the
different chemical composition on the fresh and mechanical properties of AAC [34]. The
silica, alumina, and calcium oxide of the FAs ranged from 27.15% to 62.121%, 14.72% to
28.61%, 1.97% to 33.39%, respectively. The setting time of class F and class C FA ranged
from 25 to 600 minutes and from 1.5 to 285 minutes, respectively, indicating that the
setting time of FA class C is shorter than that of class F. Furthermore, a single AAC mixture
was prepared where each of these FA was used as a precursor. The mixture displayed a
wide range of compressive strength ranging from 400 psi (2.73 MPa) to 11655 psi (80.37
MPa).
In another study, five FAs were investigated as AAC precursors [21]. With
increasing the calcium content in the FA, the compressive strength of the specimens cured
for 3 days at 140o F (60o C) increased and the setting time decreased. The finer particle size
of some FAs led to a higher surface area resulting in more reactive FA and higher
compressive strength. Also, the compressive strength of AAC increased with increasing
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the amorphous phase as it is easier to be dissolved by the alkali activator compared to the
crystalline phase. It is worth noting that while FA with fine particles displayed better
reactivity [25, 52], in some cases this led to a very short setting time and hence bad
workability and low strength [53].
2.1.2. Alkali Activators. The performance of AAC is affected by the type and
concentration of the alkaline activator. Most of the used alkali activators are in liquid form
[5, 48, 49, 54]. Two alkali activators are used to synthesize AAC, sodium silicate
(SS)/potassium silicate (PS) and/or sodium hydroxide (SH)/potassium hydroxide (PH).
One of the advantages of the PS over the SS is its lower viscosity compared with that of
SS [6] and hence the potassium-based AAC displays higher workability and compressive
strength. However, the potassium-based activators are more expensive [55]. Furthermore,
Si and Al from the precursor become more soluble in the existence of SS [56]. However,
the potassium-based activators are more expensive [55]. Therefore, commonly SS and/or
SH are used to synthesize AAC.
It is common practice to mix SH with SS producing aqueous alkaline where the
existence of soluble silicate is important as it provides the species required to initiate the
oligomers formation and polycondensation of silicate and/or alumina-silicate from the
precursor material. There is no consensus on the optimum SH molarity and SS/SH.
Molarity values ranging from 3M to 20M and SS/SH values ranging from 0.0 to 3.0 were
reported to produce the highest compressive strength and workability. It should be noted
that sodium silicate is generally more expensive than sodium hydroxide and hence
optimizing SS/SH is crucial for the economical production of AAC.
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AAC having SH molarity ratios ranging from 10M to 20M and SS/SH ranging from
0.67 to 3.0 were instigated for FA class F precursor [48]. Increasing the SH molarity from
10M to 20M and increasing the SS/SH from 0.67 to 3.0 decreased the workability.
However, the effect of the SH molarity between 10M and 20M on the compressive strength
was small. The highest compressive strength was achieved at SS/SH of 0.67-1.0 (Figure
1.4).
Other researchers [49] found that the highest compressive strength for FA class F
precursor was obtained with SH with molarity of 15M and SS/SH of 1.0 and 2.0.
Furthermore, for mixtures with SS/SH of 1.0, the setting time and workability decreased
with increasing the SH molarity. However, the setting times and workability values of
mixtures having SS/SH of 2.0 and SH of 10M and 15M were not consistent (Table 1.2).
Similar recommended values of SH molarity of 14M [13, 54] and SS/SH of 2.5 [13, 57]
were found to result in the highest AAC compressive strength and good workability of
class F FA precursor and a binary binder system consisting of class F FA and slag (Figures
1.5 and 1.6) (Table 1.3) [13, 54, 57]. Other researchers [58], however, recommended a
much smaller molarity of 6M combined with SS/SH of 2.0 (Figure 1.7) for FA class F
precursor.

Figure 2.1: Effect of SS/SH on 7-day compressive strength [48].
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Table 2.1: Flow (workability) and Setting Time of AAC [49].

Figure 2.2: Effect of SS/SH on the compressive strength of AAC for FA/Alk of 1.5. 2,
and 2.5 [57].
Table 2.2: Effect of SH Molarity and SS/SH on Compressive Strength [13].
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Figure 2.3: Effect of SH molarity on the compressive strength [54].

Figure 2.4: Effect of SH molarity on the compressive strength of AAC at different curing
temperatures and durations [58].
As shown in this review, there is no consensus on the required SH molarity and
SS/SH in a AAC system that yields a reasonable setting time, workability, compressive
strength, and cost. These differences in the recommended values are related to the
differences in the chemical and physical properties of the precursors. Therefore, it is crucial
to determine the required SS/SH and molarity to synthesize a structural AAC using local
FA precursors.
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2.2. MIXING AND CURING ALKALI-ACTIVATED CONCRETE
The mixing procedures, rest time for oven-cured alkali-activated concrete, curing
temperature, and curing time are discussed in this section.
2.2.1. Mixing Procedure and Energy. Different mixing procedures were used by
different researchers to synthesize AAC using different precursors (i.e., class F FA, class
C FA, and slag) [32, 59-62]. The mixing procedures can be grouped into five different
mixing procedures as follows.
Procedure no.1 was used for AAC or AA mortar using class F FA [36, 62], class C
FA [59], slag [60], and class F FA and slag [32, 61] precursors. This procedure includes
adding the dry ingredients including the coarse aggregate, sand, and FA to the mixer; then,
mixing them for one to three minutes. Then, the SS and SH that had been mixed were added
to the mixer over one to five minutes. Lastly, the water and superplasticizer (if needed)
were added over one minute. Once all ingredients were added, mixing continued up to four
minutes.
Procedure no. 2 was used for AAC or AA mortar using FA class F precursors [46,
49, 63]. The FA and SH were added to the mixer over five minutes. Then, the aggregates
were added to the mixer over five minutes. Lastly, the SS was added to the mixer and
mixed for five minutes.
Procedure no. 3 was used for AAC or AA mortar using class F and class C [34],
and class F [64] precursors. The FA and SH were added to the mixer over 30 seconds to
five minutes. Second, the SS was added to the mixer and mixed over one minute. Lastly,
the aggregates were added to the mixer over one to three minutes.
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Procedure no. 4 was used for AAC or AA mortar using FA class F [28, 44, 65] and
class C [44]. All the dry materials were mixed together for two to four minutes. Then, the
alkali activators, water, and superplasticizer (if needed) were added and mixed for two to
eight minutes.
Procedure no. 5 was used for AAC or AA mortar using FA class F with additives
such as nano-silica, rice husk, nano-alumina [66], and FA class C [67]. All the dry materials
were mixed together for 1 minute or until a homogenous mixture was obtained. Then, the
alkali activators were added separately. Either the SH was added first until a homogenous
mixture was obtained followed by adding the SS and mixing for a further five minutes for
FA class F with additives such as nano-silica, rice husk, and nano-alumina [66] or the SS
was added first and mixed for two minutes followed by adding the SS which was in solid
form and mixed for ten minutes for FA class C [67].
Another factor that affects the performance of AA systems is the mixing time. A
study was carried out on slag pastes and mortars to study the effectiveness of mixing time
[68]. Different mixing times were studied and resulted in the workability and compressive
strength.
Four mixing times were used to mix the mortars including 1, 3, 10, and 30 minutes.
The results revealed that increasing the mixing time from 3 to 30 minutes resulted in an
increase in the initial and final setting time by 2 hours and 8 hours, respectively. Mixing
for 30 minutes resulted in the highest workability, compressive strength, and flexural
strength (Figure 1.8). In addition, an improvement in the cohesion and compactness in the
mortar mixture, which reduced the porosity and drying shrinkage of the mixture, was
observed.
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Figure 2.5: Flexural and compressive strength of AA mortar mixed for different times
[68].
Another factor that affects the performance of AA systems is the mixing energy
[69]. Mixing periods of 1, 3, and 6 minutes were used with a mixing speed of 1000 rpm to
prepare AA paste using class C FA precursor. Another mixing period of 10 minutes was
used with a mixing speed of 140 rpm. Increasing the mixing time from 1 minute to 10
minutes while decreasing the mixing speed increased the initial and final setting times
(Figure 1.9). Also, mixing at a higher speed for only one minute resulted in a higher
compressive strength compared with mixing at lower speed for 10 minutes, where the
compressive strength increased from 9080 psi (62.6 MPa) to 10890 psi (75.1 MPa). High
speed mixing resulted in uniform mixing of raw materials which is important for initial
dissolution of the fly ash [70]. Furthermore, increasing the mixing speed improved the
workability of the materials [66].
The presented literature showed that there is no consensus on the best approach to
mix AAC or the mixing duration and speed. Therefore, more research is required to
determine the optimal AAC mixing approach, duration, and speed.
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Figure 2.6: Initial and final setting time of AA paste mixed for different times [69].
2.2.2. Rest Time for Oven-cured Alkali-activated Concrete. The resting time
can be defined as the time between the start of mixing the alkali activators with the FA and
the time of placing the specimens in the oven to be cured at the assigned temperature. The
rest time is an important factor that affects the strength of the mixture. Based on a study of
AA mortar synthesized using FA class F and sustaining different rest times ranging from
0 to 6 hours, the highest compressive strength was achieved after a rest time of 1 hour and
curing the specimens at a temperature of 60o C (Figure 1.10) [48].
In a different study on AA paste with class F FA precursor [27], three curing
regimes were studied. (1) The specimens were cured at room temperature for 2 hours
followed by curing them at a temperature of 75o C for one month. (2) The specimens were
cured at room temperature for 24 hours followed by curing them at a temperature of 75o C
for 24 hours. (3) The specimens were cured at room temperature for 24 hours followed by
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curing them at a temperature of 75o C for 6 hours. The results revealed that a rest time of
24 hours was beneficial to strength development.

Figure 2.7: Effect of resting time on the compressive strength of AA mortar [48].
2.2.3. Curing Temperature.

Depending on the chemical composition and

physical properties of the FA precursor, a different curing regime maybe required. Class F
FA requires high-temperature curing while class C FA can be cured at ambient or high
temperatures [25, 48, 71]. High temperature curing was either in a dry atmosphere, i.e., an
oven, or in saturated atmosphere with RH 95 ± 5%. Ambient curing was either in a dry
atmosphere, i.e., an oven, or in saturated atmosphere with RH 95 ± 5%.
Studies on FA class F based AAC investigated the effects of different temperatures
and curing periods on the compressive strength of AAC [13]. Curing temperatures ranging
from 86o F (30o C) to 194o F (90o C) were investigated. The curing time ranged from 6 to
96 hours for AAC mixtures that cured at 140o F (60o C). Increasing the curing temperature
from 86o F (30o C) to 194o F (90o C) increased the compressive strength; however, the
compressive strength beyond a threshold curing temperature ranging from 140o F (60o C)
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to 167o F (75o C) either remained constant or decreased (Figures 1.11 and 1.12).
Furthermore, with increasing the curing time, the compressive strength increased;
however, the increase in the compressive strength beyond 48 hours of curing time was not
significant (Figures 1.13 and 1.14) [48, 72, 73].

Figure 2.8: Effect of curing temperature on the compressive strength of AAC [13].

Figure 2.9: Effect of curing temperature on the compressive strength of AAC [13].
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Figure 2.10: Effect of curing temperature on the compressive strength of AA mortar [48].

Figure 2.11: Effect of curing temperature and time on the compressive strength of AA
paste [72].
A study on the effect of two different curing regimes on the compressive strength
of class F FA based AAC was conducted [49]. Two curing regimes were applied: (1) oven
curing at a temperature of 140o F (60o C) for 24 hours and then storing the specimens in the
laboratory until the testing date, and (2) curing in a controlled room at a temperature of 73
± 3o F (23 ± 3o C). In both curing regimes, the cylinders were encased in a with vinyl sheet
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and stored at the temperature of 73 ± 3o F (23 ± 3o C). Compressive strengths ranging from
2885 psi (19.89 MPa) to 3345 psi (23.06 MPa) and from 4900 psi (33.80 MPa) to 6770 psi
(46.69 MPa) at the ages of 7 and 28 days, respectively, were measured for the specimens
cured at the temperature of 73 ± 3o F (23 ± 3o C). Compressive strength ranged from 5465
psi (37.69 MPa) to 6225 psi (42.91 MPa) and from 5815 psi (40.09 MPa) to 7890 psi (54.40
MPa) at the ages of 7 and 28 days, respectively, for the specimens cured at the temperature
of 140o F (60o C).
Based on the reviewed results, specimens cured at higher temperatures displayed
higher compressive strengths compared to those cured at lower temperatures. However, a
comprehensive study on class C FA based AAC is required.
2.2.4. Curing Time. Three curing regimes were applied to AA mortar having FA
class F precursor including ambient, oven, and heat curing. For ambient curing, the
specimens were left in the laboratory at a temperature of 86 ± 3.6° F (30 ± 2° C). For oven
curing, the specimens were covered by vinyl sheets and subjected to 140 ± 3.6° F (60 ± 2°
C) for 24 hours followed by ambient curing until the age of testing. The heat-cured
specimens were covered with gunny bags and exposed to heat rays of sunlight at a
temperature of approximately 95 ± 3.6° F (35 ± 2° C) for almost 6 hours during the daytime
[59]. The results revealed that at the early ages, the oven curing regime displayed higher
strength compared with the other curing regimes (Figure 1.15). However, at later ages such
as 28 and 60 days, the heat curing regime displayed the highest compressive strength,
which indicated that the continuous application of heat to specimens kept under external
exposure curing resulted in higher compressive strength.
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Figure 2.12: Effect of curing regime on the compressive strength of AAC [59].

2.3. MECHANICAL PROPERTIES
The other mechanical properties of AAC, such as splitting tensile strength, flexural
strength, and modulus of elasticity were studied in the literature. Several researchers
studied the splitting tensile strength of AAC synthesized using class F FA [30], class C FA
[49], slag [60], and a combination of class F FA and slag [29, 32]. Researchers also studied
the flexural strength of AAC that was synthesized using class F FA and class C FA [34],
slag [60], and a combination of class F FA and slag [29]. These previous studies suggested
empirical equations in the form of Eq. 1.2 to correlate the splitting tensile strength of
concrete, 𝑓𝑐𝑡 , or the flexural strength of concrete, 𝑓𝑟 , to its compressive strength, 𝑓𝑐′ , where
k and n are constants obtained from regression analyses of experimental data.
𝑓𝑐𝑡 𝑜𝑟 𝑓𝑟 = 𝑘(𝑓𝑐′ )𝑛

(1.2)

Furthermore, researchers studied the modulus of elasticity of AAC synthesized
using class F FA and class C FA [34], slag [60], class C FA and slag [50], and combination
of class F FA and slag [32]. These previous studies suggested empirical equations in the
form of Eq. 2 to correlate the modulus of elasticity of concrete, 𝐸𝑐 , to its compressive
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strength, 𝑓𝑐′ , where k, n, and a are constants obtained from regression analyses of
experimental data and 𝑤𝑐 is the concrete density. The modulus of elasticity of the AAC
ranged from 1450 ksi (10 GPa) to 5800 ksi (40 GPa), which is in the same range as that of
the CC [74].
𝐸𝑐 = 𝑘 (𝑤𝑐 )𝑚 (𝑓𝑐′ /𝑎)𝑛

(1.3)

2.4. DURABILITY OF AAC
The durability of AAC is one of the important properties that need to be studied.
One of the factors that represent the durability of the concrete is the freeze and thaw
resistance. There is no consensus on the freeze and thaw performance of AAC [75]. The
reported freeze and thaw resistances of the AAC were excellent to fair. This variation is
mainly due to the significant change of the chemical and physical properties of the
precursors used to synthesize the AAC.
AAC synthesized using slag and air entraining admixtures displayed high freeze
and thaw resistance (Table 1.4) [76]. The relative dynamic modulus of elasticity of the four
mixtures was approximately 100% after 500 freeze and thaw cycles. One mixture displayed
relative dynamic modulus of elasticity lower than the ASTM C666-15 [77] specified limit
of 60% after 300 freeze and thaw cycles. That lower resistance of that particular mixture
was linked to the lower SS/slag.
Using OPC as an additive as well as air entraining admixtures improved the freeze
and thaw resistance of class F based AAC [78-81]. However, using limestone as an additive
did not improve the freeze and thaw resistance. Generally, the compressive strength and
relative dynamic modulus of elasticity of all the specimens decreased after subjecting them
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to the freeze and thaw cycles (Figures 1.21 and 1.22). Other studies [82, 83] found that air
entraining admixtures reduced the freeze and thaw resistance when used with lightweight
class F FA based AAC. However, the lightweight class F FA based AACs were able to
sustain up to 300 cycles with and without air entraining admixtures (Figure 1.23).
Table 2.3: Properties of Slag-Based AAC and Summary of Test Results after 500 Cycles
of Freezing and Thawing [76].

The high freeze and thaw resistance of slag-based AAC was also confirmed for
mixtures with and without polypropylene fibers [33]. Furthermore, the freeze and thaw
resistance of a binary system slag/class F FA based AAC and a reference CC was
investigated [33]. The slag mixtures and the slag/FA mixtures were cured at room
temperature. However, the class F FA mixtures were cured at temperature of 85o C for 24
hours after casting.
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Figure 2.13: Compressive strength after 150 freeze-thaw cycles relative to 28 days of
curing of mortars composed of activated fly ash, with and without additives [78, 79].
(Note: this figure was taken from [84].
The compressive and flexural strengths of the specimens synthesized using slag and
slag/FA after subjecting them to 50 cycles were higher than that of their reference
specimens (Table 1.5). The increase in the strength for these mixtures indicated that the
activation of the slag continued during the high humidity conditions while the reference
specimens were cured at room temperature, hence the rate of increase in strength of the
ambient-cured specimens was much lower. Furthermore, the mixtures synthesized using
the class F FA displayed a significant decrease in compressive and flexural strengths after
being subjected to freeze and thaw cycles. Furthermore, for CC specimens, the flexural
strength decreased after the freeze and thaw cycles; however, the compressive strength
remained approximately constant. That could be related to the crack formations in the
specimens due to the freeze and thaw which weakened the tensile strength of the
specimens.
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Figure 2.14: Dynamic modulus retention (%) after 90, 210, and 300 freeze–thaw cycles
[80, 81]. (Note: CN = OPC mortar without air entraining agent, CA = OPC mortar with
air entraining agent, FN = FA mortar without air entraining agent, and FAA = FA mortar
with air entraining agent)

Figure 2.15: Weight loss after 50, 100, 200 and 300 freeze-thaw cycles of alkali-activated
fly ash concretes compared to OPC concretes, with and without air entrainment [82, 83].
(Note: this figure was taken from [84].
More recently, the freeze and thaw resistance of AA mortar synthesized using class
F FA, ground granulated blast furnace slag (GGBS), and natural zeolite–clinoptilolite (NZ)
were studied [85]. Mixtures synthesized using FA, GGBS, NZ, and combinations of them
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were tested. The combination mixtures were made of 50% of each of the two materials, by
weight. The loss in the specimens’ weights (Figure 1.24) and compressive strengths (Figure
1.25) of each specimen were determined.
Table 2.4: Flexural and Compressive Strengths With and Without 50 Cycles of Freeze
and Thaw [33].

Figure 2.16: Weight loss of AA mortars after 25 cycles of freeze-thaw [85].
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Figure 2.17: Residual compressive strength of AA mortars after 25 cycles of freeze-thaw
[85].
The results revealed that the specimens synthesized using GGBS displayed the
highest freeze and thaw resistance. In addition, adding the GGBS to the FA or NZ improved
their freeze and thaw resistance compared with those mixtures synthesized using only FA
or NZ. The weakest mixtures were those synthesized using NZ. Furthermore, with
increasing the SS/SH from 1.0 to 2.0 and 3.0, the freeze and thaw resistance increased for
all mixtures.
Studies on freeze and thaw resistance of class C FA based AAC are very limited.
The freeze and thaw of AAC synthesized using two different radioactive high-calcium FAs
were studied [5]. The two FAs, referred to as Shivee Ovoo and Baganuur, had calcium
content of 30.19% and 14.24% and are classified as class C and class F, respectively. The
results revealed that the AAC synthesized using class C FA displayed higher compressive
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strength before and after sustaining 40 freeze and thaw cycles (Table 1.6). Furthermore,
the specimens subjected to freeze and thaw cycles and prepared using SS/SH of 1.0
displayed lower compressive strength compared with those prepared using SS/SH of 0.0.
Table 2.5: Freeze and Thaw Resistance of AAC [5].

The previous studies displayed that the freeze and thaw resistance of the AAC
synthesized using slag were high and passed ASTM C666-15 limits [77]. In addition,
adding slag to class F FA based AAC improved its freeze and thaw resistance. However,
the freeze and thaw resistance of AAC synthesized using class F FA only was low.
Furthermore, air entraining admixtures generally improves the freeze and thaw resistance
of AAC synthesized using class F FA. The freeze and thaw resistance of AAC synthesized
using class C FA has been little studied before [5]. Therefore, it is urgent to study the freeze
and thaw resistance of AAC synthesized using class C FA.

2.5. ALKALI-ACTIVATED MORTAR/CONCRETE FOR REPAIR
APPLICATIONS
Infrastructure rehabilitation is a serious concern worldwide. It was estimated in
2012 that over 1.6 trillion dollars were needed for the U.S.’s infrastructure rehabilitation
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over the next five years [86, 87]. About 27% of all the U.S. highway bridges need to be
repaired or replaced [86, 87]. An annual estimated cost of 215 million euro is required for
maintenance, repair, and strengthening of the reinforced and prestressed bridges in the
European Union [88]. Therefore, finding a cost effective and efficient repair material is
necessary. The key points of repair materials to ensure structural compatibility between the
old and repaired materials are the adhesion (bond strength), compressive strength, tensile
strength, modulus of elasticity (Figure 1.26) [87], and cost. AAC is one of the candidate
materials to be used in repair of infrastructure as it has the potential to overcome the
limitations of existing repair material such as epoxy and different types of concrete.
However, there are limited studies on using AA mortar/concrete as a repair material.

(a) Load perpendicular to the interface
interface

(b) Load parallel to the

Figure 2.18: Mechanical behavior of materials with different modulus of elasticity: (a)
load perpendicular to the interface, and (b) load parallel to the interface [87].
The adhesion (bond) strength between a concrete substrate-based OPC and
different repair materials was assessed [89]. Three different repair materials included two
commercially available pre-packed repair mortar mixtures, R1 and R2, and tungsten mine
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waste mud (TMWM). The first two had blended OPC, silica fume, fibers, graded aggregate
with a maximum size of 2 mm, and other additives with 28-day compressive strength of
approximately 6815 psi (47 MPa). The latter had 28-day compressive strength of 11355
psi (78.3 MPa). The slant shear was used to assess the bond strength between the
conventional concrete substrate and each of the repair materials (Figure 1.27).

Figure 2.19: Slant shear specimens with interface line at 30o [89].
A surface treatment was applied to the concrete substrate surfaces of some
specimens before placing the repair material. The surface treatment consisted of immersing
the concrete substrate surface in 5% hydrochloric solution for 5 minutes followed by
washing the surface. This etching process (ES) resulted in an increase in the specific
surface of the concrete. Two failure modes occurred during testing: bond failure along the
surface between the substrate and repaired materials (Figure 1.28a) and monolithic failure
(Figure 1.28b). The adhesion (bond) strength was tested at the ages of 1, 3, 7, and 28 days.
The bond strengths of the AAC-based TMWM were found to be higher than those of the
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commercial repair materials R1 and R2 (Figure 1.29) either with or without surface
treatment.

(a)

(b)

Figure 2.20: Failure modes; (a) adhesive failure, and (b) monolithic failure [89].

AAC
repair
material

R1 and
R2 repair
materials

Figure 2.21: The bond strength results from the slant shear test [89].

34
Another study looked at the adhesion characterization between CC and five
different materials, namely, AA paste, three commercial repair materials (RMs), and CC
[90]. In some AA mixtures, the class C FA was partially replaced with Portland cement
and calcium hydroxide. This replacement aimed to increase the calcium content in the
mixture and potentially improve the interfacial between the AA and substrate. The
commercial repair material, RM-1, RM-2, and RM-3 were general purpose non-shrink
grout mortar, multi-purpose non-shrink grout, and polymer modified repair mortar. The
compressive strength of the three RMs were RM-1, RM-2, RM-3, 8990 psi (62 MPa),
10155 (70 MPa), and 5800 psi (40 MPa). The repair materials were cast with an interface
line of 45o (Figure 1.30). All of the samples were tested at the age of 28 days of curing at
temperature of 25o C.

(a)
(b)
Figure 2.22: Tested specimens’ (a) dimensions, and (b) compression test [90].
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The bond strength between the substrate and the repaired CC was 1190 psi (8.2
MPa) which was the lowest among all repair materials (Figure 1.31). Using the additives
improved the bond strength of the AA paste compared to using unmodified AA paste.
Replacing the FA with 15% of OPC or 10% of calcium hydroxide displayed the highest
shear bond strength of 3700 psi (25.5 MPa) and 3570 psi (24.6 MPa), respectively, where
the compressive strength of these two mixtures were 5510 psi (38 MPa) and 5510 psi (38
MPa), respectively. Therefore, while the compressive strength was not higher than the
repair material, the bond was the highest. Replacing the FA with PC or calcium hydroxide
formed calcium silicate hydrate (CSH) and/or calcium aluminate silicate hydrate (CASH)
along with the sodium aluminate silicate hydrate (NASH). These reactions’ products
improved the bond strength between the two materials.

Figure 2.23: Bond strength between the substrate and repaired layers (note: PCC stands
for CC repair) [90].
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One of the drawbacks of this research was the inaccuracy in the comparisons. While
the CC repair mixture was a concrete, the commercial RMs mixtures were mortars, and the
AA mixtures were pastes. Therefore, to compare them, all of them would need to be the
same, i.e., either concrete, mortar, or paste.
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ABSTRACT

This paper reports the fresh properties and compressive strength of high calcium
alkali-activated fly ash (AAFA) mortar. Two different sources of class C fly ash, with
different chemical compositions were used to prepare alkali-activated mortar mixtures.
Four different sodium silicate to sodium hydroxide (SS/SH) ratios of 0.5, 1.0, 1.5, and 2.5
were used as alkaline activators with a constant sodium hydroxide concentration of 10 M.
Two curing regimes were also applied, oven curing at 70 oC for 24 hrs, and ambient curing
at 23 ± 2 oC. The rest time, i.e., the time between casting the mortar cubes and starting the
oven curing was 2 hrs. The results revealed that the setting time, and workability of mortar
decreased with increasing the alkali to fly ash ratio, and decreasing the water to fly ash
ratio. The optimum sodium silicate to sodium hydroxide ratio was 1.0, which showed the
highest compressive strength and setting time. An increase of sodium silicate to sodium
hydroxide ratio to 2.5 led to a significant reduction in the setting time, and workability of
mortar. The 7-day compressive strength of the mortar approached 20.80 MPa for ambient
cured regime and 41.10 for oven cured regime.
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1. INTRODUCTION

There is a current momentum around the world to increase concrete sustainability
through using recycled materials in concrete manufacturing. For example, recycled tires
were used to replace natural aggregates in concrete [91-95]. Furthermore, the current
manufacture process of one ton Portland cement consumes about 100 kWh and released
approximately 1.0 ton of CO2 emissions into the atmosphere [5]. Hence, there is an urgent
need to partially or completely replace Portland cement as a binder with an alternative
material that consumes less manufacturing energy and has less harmful effects on
environment as well as display superior performance. One of the currently used alternatives
to Portland cement is fly ash.
Alkali activated fly ash (AAFA) is another type of concrete where the Portland
cement has been completely replaced with fly ash. When pozzolanic materials are activated
with alkali material such as sodium hydroxide and/or sodium silicate, polymer chains are
formed

creating

alkali

activated

cement.

These

materials

provide

behavior

comparable/superior to ordinary Portland cement (OPC) concrete in terms of compressive
[96], splitting tensile [97], flexural [98], bond between the concrete and rebar strength [49],
but lower modulus of elasticity [97, 98]. Moreover, the durability properties of these
materials showed higher corrosion resistance [99],

fire resistance, low thermal

conductivity, and chemical attack resistance [100] than OPC concrete. They also showed
high freeze and thawing cycles resistance [101]. In addition, no sign of Alkali silica
reaction associated with them [101]. The alkali activated materials had a reduced
permeability to chloride penetration [102] compared with OPC concrete .
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Fly ash is classified, per the ASTM C618-15 [103], as either Class F or Class C
depending on the contents of the pozzolanic compounds (silica oxide, alumina oxide, and
iron oxide). The former is produced by burning bituminous or anthracite coals [72, 104]
while the later is produced from burning lignite or sub-bituminous coals [35]. Class F fly
ash contain at least 70% pozzolanic compounds, while Class C fly ash contains at least
50% of the pozzolanic compounds. Another major difference between both types is the
calcium content; fly ash Class C has higher calcium content than Class F. However, the
ASTM C618-15 does not consider the calcium content in fly ash classification. Other
standard such as the CSA A3001 uses a different approach for classification of fly ash
based on the calcium oxide content. The CSA A3001 classifies fly ash into three classes,
namely, F for calcium oxide content not exceeding 8%, CI for calcium content between
8% to 20%, and CH or calcium content exceeding 20% of the fly ash.
High calcium content in a precursor causes the chemical reaction to produce
calcium silicate hydrate (CSH), aluminium-modified calcium silicate hydrate (CASH), and
sodium aluminosilicate hydrate (NASH) [47, 66, 105, 106]. The former two types of gels
are similar to those produced during the hydration process of Portland cement while the
latter type is geopolymeric gel. Formation of CSH and CASH increase the early age
strength of ambient cured geopolymer concrete; however, the high level of calcium content
decreases the setting time and workability [21, 38, 64, 107]. The existence of a high level
of calcium interferes with the geopolymerization process by reacting with the dissolved
silicate and aluminate species originating from the precursor [53]. This hydration process
leads to water shortage, which in turn causes an increase in the alkalinity of the mixture,
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leading to faster dissolution of the precursor and increasing the rate of geopolymerization
at the price of rapid setting time and low workability.
This study investigated the effects of water to fly ash (W/FA) ratio, alkali activators
to fly ash (Alk/FA) ratio, sodium silicate to sodium hydroxide (SS/SH) ratio, and two
different curing regime on the fresh properties and early age strength of alkali activated
mortar.

2. EXPERIMENTAL PROGRAM

2.1. MATERIALS
2.1.1. Fly Ash and Fine Aggregate. High calcium fly ashes from two different
sources namely Labadie (LB) and Kansas City (KC) power plants located in the state of
Missouri, U.S. were used in this study. The chemical compositions of both types of fly
ashes, shown in Table 1 were determined using the X-ray Fluorescence analysis, following
ASTM D4326-13 [108]. Both types of fly ashes were classified as Class C with pozzolanic
compounds of 59.05% and 66.30% for Labadie and Kansas City fly ashes, respectively.
Table 1: Chemical composition of fly ashes
Composition SiO2

Al2O3 Fe2O3 CaO

MgO

Na2O

K2O

TiO2

LOIa

MCb

LB (%)

37.56

17.47

7.02

25.33

7.93

3.28

0.00

1.42

0.60

0.09

KC (%)

42.27

17.30

6.73

22.54

6.54

3.04

0.17

1.41

0.19

0.03

LOI: Loss on ignition
b
MC: Moisture content
a
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Missouri river sand with specific gravity of 2.6 in saturated surface dry (SSD)
condition was used for mortar mixtures. Figure 1 illustrates the results of the sieve analysis
of the used sand.

Figure 1: Sieve analysis of Missouri river sand.
2.1.2. Alkali Activators. The alkali activated solutions used during this study
consisted of SS (Na2SiO3) and SH (NaOH). SS solution type D, produced by PQ
Corporation, had amount of solid sodium silicate 44.1% by weight (SiO 2 = 14.7% and
NaO2 = 29.4%) and water content of 55.9% by weight. SH in solid pellets form, produced
by Bulk Apothecary, was mixed with distilled water at room temperature of 23 ± 2 oC and
left to cool down at least 24 hours prior to the mortar-mixing day. The selected molarity of
the SH is 10M obtained by mixing 686 gm of water and 314 gm of SH solids.

2.2. MIX PROPORTION
Thirteen mixtures were prepared to examine the effects of W/FA, Alk/FA, SS/SH,
and curing regime on the setting time, workability, and early age compressive strength of
AAFA mortar. The W/FA ranged from 0.350 to 0.450. The water content included both
the water in the mixed alkali activators and the extra water added to each mixture. The
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Alk/FA ranged from 0.250 to 0.300. The SS/SH ranged from 0.5 to 2.5. Table 2 shows the
details of the mixture ratios. The ratio between the sand and FA was fixed at 2.75.

2.3. MIXING AND CURING CONDITIONS
The mixing procedure of the mortar consists of the following four steps. 1) The fly
ash and sand were mixed for 30 S. to homogenously spread the particles with low mixing
speed of 136 rpm. 2) The water was added while mixing at the same mixing speed for one
min. which helped in wetting all fly ash and sand particles and preventing the
agglomeration of the mortar ingredients. 3) The sodium silicate and sodium hydroxide were
mixed together before adding them to the mix with the same mixing speed for another one
min. 4) The mixture continued for another four min. while the mixing speed was increased
to 281 rpm which was found to increase the mortar slump flow and prevent flash setting
where the mixing time and speed had an effect on the leaching and dissolution of silica and
alumina ions from the fly ash to the solution [69].
During the mixing process, after adding the water and the chemicals, the mixing
was stopped to scrap the parts of the mortar that attached to the wall of the pan for 40 S.
The mixing was done at the room temperature, i.e. 23 ± 2 oC.
The fresh AAFA mortar was casted into 50 x 50 x 50 mm. cube molds as per the
ASTM C109-16a [109]. After casting the molds, two different curing regimes were applied
to the AAFA mortar. 1) Oven curing at 70 oC for 24 hours. The molds have been encased
in plastic oven bags to prevent moisture loss during the curing period inside the oven. 2)
Ambient curing at 23 ± 2 oC. All the cubes were demolded after 24 hours then left in the
room temperature until the testing day.
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Table 2: AAFA mortar mixture proportion and details
Mix No. W/FA

Alk/FA

SS/SH

Extra
FA
Sand
SS
SH
water
(Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3)
(Kg/m3)

1

0.350

0.250

1.0

552

1518

69

69

108

2

0.375

0.250

1.0

545

1499

68

68

121

3

0.400

0.250

1.0

537

1477

67

67

132

4

0.400

0.300

1.0

536

1474

80

80

116

5

0.425

0.300

1.0

529

1455

79

79

127

6

0.450

0.300

1.0

522

1436

78

78

139

7

0.400

0.275

1.0

537

1477

74

74

124

8

0.400

0.250

0.5

538

1480

45

90

130

9

0.400

0.250

1.5

537

1477

81

54

134

10

0.400

0.250

2.5

537

1477

96

38

136

11

0.450

0.300

0.5

522

1436

52

104

136

12

0.450

0.300

1.5

522

1436

94

63

140

13

0.450

0.300

2.5

522

1436

112

45

142

2.4. SETTING TIME, WORKABILITY, AND COMPRESSIVE STRENGTH
TESTS
The initial and final setting times of the AAFA mortars were measured using the
modified Vicat needle per the ASTM C807-13 [110]. The initial setting time was measured
from the mixing time of the FA with the SS and SH solutions until the penetration of 2 mm
diameter needle was equal to 10 mm, while the final setting time was determined when
there was no remarkable penetration. The workability (flow) of the mortar mixtures were
tested per the ASTM C1437-15 [111]. The workability was measured after placing two
layers of mortar inside a standard cone then lifting the cone away from the mortar following
immediately by dropping the table 25 times in 15 S. The reported workability is the mean
of four diagonal measurements. The compressive strengths of the AAFA mortar mixtures
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were determined at the age of 7 days following the ASTM C109-16a. The compressive
strengths presented in this paper are the mean of three cubes.

3. RESULTS AND DISCUSSION

3.1. SETTING TIME AND WORKABILITY
In general, the setting time and workability values of LB fly ash are lower than KC
fly ash as the calcium content of LB fly ash is higher than that of KC fly ash. The higher
calcium content caused additional nucleation sites for precipitation of the fly ash dissolved
species which accelerated the setting time and hardening process of the AAFA [112, 113].
The results of the initial and final setting times and workability of AAFA mortars are shown
in Figures 2 through 6. The results showed that the setting times and workability depended
on the W/FA, Alk/FA, and SS/SH. As shown in Figures 2 and 3, for Alk/FA of 0.300 and
0.250, and SS/SH of 1.0, the setting time and the workability were increased with
increasing the ratio of W/FA.

(a)
(b)
Figure 2: Effect of W/FA on (a) setting times, and (b) workability for Alk/FA of 0.250
and SS/SH of 1.0.
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As shown in Figure 4, for W/FA of 0.400 and SS/SH of 1.0, the setting time and
workability decreased with increasing the Alk/FA. The increase in concentration of NaOH
and Na2SiO3 in the mixture increased the viscosity of the mortar as well as leaching, and
dissolution of fly ash species which reduce the setting time and workability of the mixture
[6, 49, 63].
For given W/FA and Alk/FA the workability decreased with increasing the SS/SH
ratio from 0.5 to 1.0, 1.5, and 2.5 as shown in Figures 5(b) and 6(b). The sodium silicate
solution has high viscosity which result in poor workability of AAFA mortar [6, 114]. For
W/FA of 0.400 and Alk/FA of 0.250, the longest setting time was at SS/SH of 1.0 as shown
in Fig 5(a). Increasing the SS content in the mixture increases the soluble silica (SiO2) and
Alkali (Na2O) content in the mixture. Therefore, increasing the silica by adding more SS
decreases the setting time as the geopolymerization process was enhanced by the more free
silicate and it took less time to complete the dissolution reaction, resulting in decreasing
the setting time [66, 115]. Increasing the amount of SH in the mixture, increases hydroxide
ions (OH-) concentration in the mortar which accelerates dissolution of fly ash and resulted
in reduction in the setting time [25]. For W/FA of 0.450 and Alk/FA of 0.300 as shown in
Figure 6(a), the setting time of mortars with SS/SH of 0.5, 1.0, 1.5 are almost the same
because the W/FA and Alk/FA increased in the mortar at the same time, which made the
effect of increasing the soluble silica or hydroxide ion concentration on the setting time
was similar. However, with SS/SH of 2.5, the soluble silica significantly increased and the
setting time was decreased for KC FA only. This may be because it has less calcium content
and more pozzolanic compounds that made the FA more sensitive for changing the silica
that was more significant for the geopolymerization process.
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(a)

(b)

(a)

(b)

(a)

(b)

Figure 3: Effect of W/FA on (a) setting times, and (b) workability for Alk/FA of 0.300
and SS/SH of 1.0.

Figure 4: Effect of Alk/FA on (a) setting times, and (b) workability for WA/FA of 0.400
and SS/SH of 1.0.

Figure 5: Effect of SS/SH on (a) setting times, and (b) workability for WA/FA of 0.400
and Alk/FA of 0.250.
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(a)

(b)

Figure 6: Effect of SS/SH on (a) setting times, and (b) workability for WA/FA of 0.450
and Alk/FA of 0.300.

3.2. COMPRESSIVE STRENGTH
The 7-day compressive strengths of the AAFA mortars synthesized with different
W/FA, Alk/FA, and SS/SH are shown in Figures 7 through 11. As shown in the figures,
the oven-curing regime showed higher compressive strengths compared to those of the
similar specimens cured at ambient temperature. because to obtain a higher AAFA mortar
strength, an elevated curing temperature is required for the reaction to take place [27].
Ambient cured specimens gained their strength without elevated heating mainly because
presence of high calcium content which has the ability to harden at ambient temperature
[38]. The calcium reacts with the silica, in addition to the water and formed calcium silicate
hydrate (CSH) [35, 106] which increased the mechanical strength at early ages compared
with low calcium fly ash. The compressive strength of the ambient curing regime
specimens were ranged from 6.75 to 20.69 MPa for LB fly ash-based mortar and from 8.03
to 20.80 MPa for KC fly ash-based mortar. While the compressive strength of the oven
curing regime specimens ranged from 22.46 to 41.10 MPa for LB fly ash-based mortar and
from 20.08 to 40.23 MPa for KC fly ash-based mortar.
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The compressive strength of KC fly ash-based mortar decreased with increasing the
mortar water content while keeping the Alk/FA and SS/SH constants as shown in Figures
7 and 8. However, for LB fly ash-based mortar that has higher calcium content, the
presence of water was essential for formation of CSH. So, the compressive strength
increased with increasing the W/FA from 0.350 to 0.375 as shown in Fig 7 and from 0.400
to 0.450 as shown in Figure 8.
Increasing the Alk/FA from 0.250 to 0.300, resulted in higher compressive strength
from 35.17 MPa to 37.07 MPa for LB fly ash-based mortar and from 34.65 MPa to 40.23
MPa for KC fly ash-based mortar as shown in Figure 9. increasing the Alk/FA increased
the Na2O concentration which increased the solubility of the silica and alumina [47].
As shown in Figures 10 and 11, in the case of ambient cured mortar, increasing the
SS/SH from 0.5 and 1.0 to 1.5 and 2.5 reducing the compressive strength from 13.93 MPa
to 6.75 MPa for LB fly ash-based mortar and from 15.57 MPa to 9.49 MPa for KC fly ashbased mortar of W/FA of 0.400 and Alk/FA of 0.250. The same phenomena took place for
W/FA of 0.450 and Alk/FA of 0.300, the compressive strength reduced from 20.69 MPa
to 10.62 MPa for LB fly ash-based mortar and from 17.22 MPa to 8.03 MPa for KC fly
ash-based mortar. This was due to increasing the silica content in the mortar which
hindered the structure formation [66, 116]. The increase of the hydroxide ions and alkali
concentration by adding more SH than SS, increased the ambient cured mortar compressive
strength where the increased hydroxide and alkali ions had an ability to leach the silica and
alumina from the fly ash at higher rate compared to the soluble silica from the SS. In the
case of oven curing, decreasing the sodium silicate to sodium hydroxide ratio increases the
free hydroxide ions in the mortar which accelerate the dissolution of the fly ash and
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precipitate the aluminosilicate gel at very early stages, thus resulting in lower strength
AAFA mortar [66, 117]. It was found that the optimum SS/SH for ambient curing regime
was 0.5 and 1.0 where the compressive strength reached up to 19.95 and 20.69 for LB fly
ash-based mortar, and 17.22 MPa and 15.12 MPa for KC fly ash-based mortar,
respectively. While for oven curing were 1.0 and 1.5 where the compressive strength
reached up to 36.9 MPa and 40.59 MPa for LB fly ash-based mortar and, 35.06 MPa and
35.36 MPa for KC fly ash-based mortar.

(a)

(b)

(a)

(b)

Figure 7: Effect of W/FA on compressive strength of (a) oven, and (b) ambient cured
mortar having Alk/FA of 0.250 and SS/SH of 1.0.

Figure 8: Effect of W/FA on compressive strength of (a) oven, and (b) ambient cured
mortar having Alk/FA of 0.300 and SS/SH of 1.0.
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(a)

(b)

(a)

(b)

(a)

(b)

Figure 9: Effect of Alk/FA on compressive strength of (a) oven, and (b) ambient cured
mortar having W/FA of 0.400 and SS/SH of 1.0.

Figure 10: Effect of SS/SH on compressive strength of (a) oven, and (b) ambient cured
mortar having W/FA of 0.400 and Alk/FA of 0.250.

Figure 11: Effect of SS/SH on compressive strength of (a) oven, and (b) ambient cured
mortar having W/FA of 0.450 and Alk/FA of 0.300.
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Tables 3, 4, 5, and 6 shows the statistical analyses of the compressive strength
results. As shown in the tables, the coefficient of variation of most of the results is less than
15% with few results that passed this ratio.
Table 3: Details and compressive strength results for oven cured mixtures of LB FA.

a

Mix No.

W/FA

ALK/F
A

SS/SH

1
2
3
4
5
6
7
8
9
10
11
12
13

0.35
0.375
0.4
0.4
0.425
0.45
0.4
0.4
0.4
0.4
0.45
0.45
0.45

0.25
0.25
0.25
0.3
0.3
0.3
0.275
0.25
0.25
0.25
0.3
0.3
0.3

1
1
1
1
1
1
1
0.5
1.5
2.5
0.5
1.5
2.5

SD: standard deviation
CV: coefficient of variation

Compressive
Strength
(MPa)
37.19
41.10
35.17
37.07
36.25
36.90
33.80
22.46
34.57
45.78
22.79
40.59
37.22

Range

Variance

SDa

% CVb

8.36
0.27
0.27
0.88
12.51
1.46
2.95
1.52
6.89
5.63
0.50
4.28
2.70

21.65
0.02
0.02
0.20
0.20
0.62
2.73
0.71
17.05
9.88
0.07
4.61
0.33

4.65
0.13
0.15
0.45
0.44
0.79
1.65
0.84
4.13
3.14
0.26
2.15
0.57

12.51
0.33
0.44
1.22
1.22
2.13
4.89
3.75
11.94
6.86
1.13
5.29
1.53

b

Table 4: Details and compressive strength results for oven cured mixtures of KC FA.

a

Mix No.

W/FA

ALK/F
A

SS/SH

1
2
3
4
5
6
7
8
9
10
11
12
13

0.35
0.375
0.4
0.4
0.425
0.45
0.4
0.4
0.4
0.4
0.45
0.45
0.45

0.25
0.25
0.25
0.3
0.3
0.3
0.275
0.25
0.25
0.25
0.3
0.3
0.3

1
1
1
1
1
1
1
0.5
1.5
2.5
0.5
1.5
2.5

SD: standard deviation
CV: coefficient of variation

b

Compressive
Strength
(MPa)
39.92
40.02
34.65
40.23
37.83
35.06
40.03
20.08
35.23
31.49
22.94
35.36
29.87

Range

Variance

SDa

% CVb

5.96
4.63
2.15
4.45
2.17
3.08
1.74
1.45
7.14
9.41
1.99
10.51
5.93

8.91
5.41
1.18
4.98
1.19
2.81
0.96
0.52
12.87
25.10
1.10
28.18
9.55

2.99
2.33
1.09
2.23
1.09
1.68
0.98
0.72
3.59
5.01
1.05
5.31
3.09

7.48
5.81
3.13
5.55
2.88
4.78
2.44
3.61
10.18
15.91
4.58
15.01
10.35
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Table 5: Details and compressive strength results for ambient cured mixtures of LB FA.

a

Mix No.

W/FA

ALK/F
A

SS/SH

1
2
3
4
5
6
7
8
9
10
11
12
13

0.35
0.375
0.4
0.4
0.425
0.45
0.4
0.4
0.4
0.4
0.45
0.45
0.45

0.25
0.25
0.25
0.3
0.3
0.3
0.275
0.25
0.25
0.25
0.3
0.3
0.3

1
1
1
1
1
1
1
0.5
1.5
2.5
0.5
1.5
2.5

SD: standard deviation
CV: coefficient of variation

Compressive
Strength
(MPa)
13.02
16.49
13.18
18.35
17.67
20.69
14.76
13.93
6.75
7.08
19.95
17.92
10.62

Range

Variance

SDa

% CVb

1.28
0.44
2.01
4.30
0.48
3.42
3.64
0.39
1.02
3.18
1.35
5.58
1.45

0.48
0.05
1.03
4.87
0.11
3.11
6.63
0.07
0.33
2.73
0.51
7.99
0.52

0.70
0.23
1.02
2.21
0.34
1.76
2.57
0.27
0.58
1.65
0.71
2.83
0.72

5.34
1.37
7.71
12.03
1.90
8.52
17.45
1.96
8.55
23.34
3.57
15.77
6.82

b

Table 6: Details and compressive strength results for ambient cured mixtures of KC FA.

a

Mix No.

W/FA

ALK/F
A

1
2
3
4
5
6
7
8
9
10
11
12
13

0.35
0.375
0.4
0.4
0.425
0.45
0.4
0.4
0.4
0.4
0.45
0.45
0.45

0.25
0.25
0.25
0.3
0.3
0.3
0.275
0.25
0.25
0.25
0.3
0.3
0.3

SD: standard deviation
CV: coefficient of variation

b

SS/SH
1
1
1
1
1
1
1
0.5
1.5
2.5
0.5
1.5
2.5

Compressive
Strength
(MPa)
17.51
17.18
13.04
15.92
16.21
15.12
20.80
15.57
9.49
10.03
17.22
13.59
8.03

Range

Variance

SDa

% CVb

2.87
5.14
1.87
1.21
1.32
1.48
6.01
1.04
0.34
2.48
0.87
2.39
2.35

4.11
6.79
0.97
0.73
0.48
0.64
9.43
0.27
0.03
1.61
0.20
1.74
1.41

2.03
2.61
0.99
0.85
0.69
0.80
3.07
0.52
0.17
1.27
0.44
1.32
1.19

11.58
15.17
7.56
5.36
4.26
5.30
14.76
3.34
1.79
12.66
2.58
9.72
14.81
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4. CONCLUSION

This paper presents the fresh properties and 7-day compressive strength of alkali
activated high calcium fly ash-based mortars. Two types of fly ashes obtained from two
different power plants located in the state of Missouri, U.S. were used during this study.
The alkaline solution was prepared as a mixture of sodium silicate (SS) and sodium
hydroxide (SH). Water-to-fly ash ratios (W/FA) ranging from 0.350 to 0.450, alkaline-tofly ash ratios (Alk/FA) ranging from 0.250 to 0.300, sodium silicate to sodium hydroxide
ratio (SS/SH) ranging from 0.5 to 2.5 were investigated during the course of this study. All
mortar cubes were cured and tested at 7 days to determine their compressive strengths. The
specimens were cured at either oven for 24 hours at 70 oC or ambient temperature at 23 ±
2 oC. Based on this study the following conclusions can be drawn:
•

For both fly ashes, with constant Alk/FA and SS/SH, Increasing the W/FA resulted
in higher setting time and workability. While the compressive strength increased
with increasing the W/FA ratio from 0.350 to 0.375 with Alk/FA of 0.250 and from
0.400 to 0.450 with Alk/FA of 0.300 for LB fly ash as the extra water was used to
form more CSH.

•

For both fly ashes, with constant W/FA and SS/SH, Increasing the Alk/FA
decreased the setting time and workability. While the compressive strength
increased due to increasing the alkali (Na2O) concentration which increased the
solubility of the silica and alumina.

•

Increasing the SS/SH from 0.5 to 2.5, the workability started to reduce gradually
due the high viscosity of the sodium silicate.
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•

The setting time increased with increasing the SS/SH from 0.5 to 1.0. Thereafter, it
decreased with increasing the ratio from 1.0 to 2.5 with W/FA ratio of 0.400 and
Alk/FA ratio of 0.250. While the setting time for the SS/SH ratios 0.5, 1.0, and 1.5
were almost the same with W/FA ratio of 0.450 and Alk/FA ratio of 0.300.

•

Generally, the highest compressive strengths for the ambient cured mixtures were
at SS/SS of 0.5 and 1.0, while the highest compressive strengths for the oven cured
mixtures were at SS/SS of 1.0 and 1.5 for both fly ashes.

•

For the ambient cured mixtures, the highest compressive strength was 20.69 MPa
at W/FA of 0.450, Alk/FA of 0.300, and SS/SH of 1.0 for LB fly ash based-mortar.
While the highest compressive strength was 20.80 MPa at W/FA of 0.400, Alk/FA
of 0.275, and SS/SH of 1.0 for KC fly ash-based mortar.

•

For the oven cured mixtures, the highest compressive strength was 41.1 MPa at
W/FA of 0.375, Alk/FA of 0.250, and SS/SH of 1.0 for LB fly ash based-mortar.
While the highest compressive strength was 40.23 MPa at W/FA of 0.400, Alk/FA
of 0.300, and SS/SH of 1.0 for KC fly ash-based mortar.
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II. MECHANICAL PROPERTIES OF HIGH EARLY STRENGTH CLASS C FLY
ASH-BASED ALKALI ACTIVATED CONCRETE
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ABSTRACT

This paper presents the mechanical properties of alkali activated concrete (AAC)
cured at 70o C for 24 hours. The AAC mixtures were synthesized using five class C fly
ashes (FAs) having different chemical and physical properties. Sodium hydroxide (SS)
and sodium silicate (SH) were used as the alkali activators in this study. A conventional
concrete (CC) mixture, having a compressive strength of 34.5 MPa, were synthesized using
ordinary Portland cement mixture for comparison purpose. The slump as well as the
compressive, tensile splitting, and flexural strengths were investigated at different concrete
ages up to 28 days. The results revealed that with increasing the calcium content in a FA
used to synthesized AAC mixture, the slump value and the mechanical properties
decreased. All AAC mixtures reached approximately 92% of its 28-day compressive
strength after one-day compared to 29% only in the case of CC. Therefore, AAC can be
used in applications where rapid strength gain is required such as urgent repair, precast
industry, etc. The measured data was also used to develop a set of equations to accurately
predict the flexural and splitting tensile strengths.
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1. INTRODUCTION

Alkali activated concrete (AAC) has been developed using alkaline activators and
alumina-rich precursor such as natural pozzolans or industrial byproducts [11, 118]. Using
byproducts precursors such as fly ash (FA) results in reduction in consumption of virgin
materials, CO2 emissions, and embodied energy [118]. Furthermore, FA is cheaper and has
less embodied energy than other natural pozzolans precursors such as blast furnace slag
and metakaolin. The ASTM C618-19 [119] classifies FA into two classes: class C and class
F where class C FA has higher calcium content than that of class F. Both classes were used,
however, as precursors for AAC. The chemical reactions of a high calcium content-based
AAC are divided into the following two reactions. 1) Geopolymerization which takes place
between the aluminosilicate and alkaline solution resulting in an inorganic amorphous
three-dimensional polymeric chain and ring structure consisting of Si-O-Al-O bonds [11,
118]. 2) Hydration process which takes place between the alkali solution and calcium
and/or aluminum forming calcium silicate hydrate (CSH), calcium aluminate silicate
hydrate (CASH) and/or calcium sodium aluminate silicate hydrate (CNASH) [118, 120,
121]. Class C FA is readily available in the State of Missouri, USA, as the state generates
about 82% of its electricity using coal-fired power plants. Therefore, developing class C
FA-based AAC will be beneficial for the construction industry while addressing the
environmental demand of the state.
Different codes and standards limit the maximum placing and curing concrete
temperature to about 35o C to prevent early cracking and eliminate any disruption in the
hydration process of the mixture. AAC can be mixed and placed, however, at high
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temperatures including hot weather which presents an effective and practical alternative to
construction industry. Furthermore, curing AAC does not also require high relative
humidity environment as it is the case for Portland cement-based conventional concrete
(CC) which makes AAC easier and cheaper to cure [122]. Another advantage of the AAC
is its ability of being cured at an elevated temperature for as short as four hours [123] while
yielding a compressive strength appropriate for structural applications. This is a huge
advantage for prefabricated structural elements which is emerging for accelerating
infrastructure construction [124, 125]. Thermal curing can be adopted, also, for cast-inplace using thermal blankets or similar techniques [126]. Classes F and C FA-based AAC
were reported to be thermally cured at an elevated temperature [27-30, 32, 34, 36, 127,
128]. However, the outcomes of using thermally cured class C FA-based AAC were
contradicting [21, 34-38].
A few studies showed that increasing the calcium content of the FAs was beneficial
for the compressive strength [21, 34, 35]. With increasing the calcium content up to 20%
in the FA, the compressive strength of the specimens cured for 72 hours at 60o C increased
and the setting time decreased [21]. Moreover, AAC synthesized using class C FA
displayed a comparable compressive strength to those of class F after curing both of them
for 72 hours at 60o C [34]. Increasing the calcium content by replacing up to 40% of class
C FA with ordinary Portland cement (OPC) and curing for 4 to 24 hours at 75o C resulted
in increases in the compressive strengths [35]. The calcium is a reactive element with water
which tends to form calcium silicate hydrate (CSH) compounds along with the
geopolymeric network which improves the compressive strength of the AAC [21]. Other
studies, however, reported contradicting results. Increasing the added calcium content to
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class F FA and curing for 24 hours at 70o C decreased the compressive strength [38]. The
calcium content was a contamination that produced different chemical assemblages that
lower the AAC strength [36-38]. Although elevated temperature curing results in quick FA
dissolution rate, the presence of the high calcium in the FA hinders the formation of the
geopolymeric network and subsequently decreases the compressive strength [38]. The
presence of high amount of calcium may interfere with the polymerization process and
alter the microstructure [37]. Such mechanism was supported by observing the presence of
Ca(OH)2 in the geopolymeric network [129]. Due to that contradiction in the results of
using class C FA as the main precursor of the AAC, a further study is needed.
A very few studies investigated the splitting tensile strength and flexural strength
of AAC synthesized using class C FA [34, 50]. The splitting tensile strength of AAC
synthesized class C FA cured for 48 hours at 50o C [50] and the flexural strength of AAC
synthesized using class F FA and class C FA cured for 72 hours at 60o C [34]. These studies
developed empirical equations in the form of Eq. 1 to correlate the splitting tensile strength,
𝑓𝑐𝑡 , or the flexural strength of concrete, 𝑓𝑟 , to its compressive strength, 𝑓𝑐′ , where k and n
are constants obtained from regression analyses of experimental data.
𝑓𝑐𝑡 𝑜𝑟 𝑓𝑟 = 𝑘(𝑓𝑐′ )𝑛

(1)

Those studies focused on AAC cured at temperatures ranging from 50o C to 60o C
where it was reported that increasing the curing temperature increased the compressive
strength of the AAC while beyond 75o C, the curing temperature had less impact on the
mechanical properties of AAC [48]. Moreover, the calcium content of the investigated
class C FAs ranged from 18.7% to 33.4%.
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In this study, the feasibility of using class C FAs cured at elevated temperature were
studied. This study provides also an understanding for the mechanical properties of AAC
synthesized using five different class C FAs with different chemical composition with
calcium content ranging from 21% to 37%. Also, the FAs had different fineness.
The slump, the compressive, splitting tensile, and flexure strengths were studied.
Those properties were further analyzed and compared with the codes and researcher’s
empirical equations.
2. EXPERIMENTAL PROGRAM

2.1. MATERIALS
2.1.1. Fly Ash. Five different class C FAs collected from five different power
plants (Table 1) were used in this study to synthesize five different AAC mixtures.
Throughout this manuscript, a FA from a given source is designated using the letters FA
followed by the CaO content in that FA. The measured surface areas of the FAs ranged
from 1446 m2/kg to 3925 m2/kg (Table 1).
A Hitachi S4700 Field Emission Scanning Electron Microscope (SEM) was used
to perform SEM and Energy dispersive X-ray spectroscopy (EDS) analyses (Figure 1).
Secondary electron (SE) images were acquired to visualize the raw FAs’ particles shape.
The particles shapes of FAs mostly were in spherical shape (Figure 1). FA26 and
FA29 showed the largest and smallest FA particle sizes, respectively, which agreed with
the surface area test results. EDS spectrums were acquired to determine the elemental
composition of the raw FAs.
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The results obtained from the EDS can be related to oxide elements from XRF. The
EDS analysis showed that the calcium element increased gradually from FA21 to FA37
(Figure 1).
2.1.2. Alkali Activators. A liquid sodium silicate (Na2SiO3) (SS), with a purity of
98% and a 44.1% solid content by weight and 10M molarity liquid sodium hydroxide
(NaOH) (SH) were used as the alkali activators.

Figure 1: SE images and EDS analyses of: (a) FA21, (b) FA24, (c) FA26, (d) FA29, and
(e) FA37.
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Figure 1: SE images and EDS analyses of: (a) FA21, (b) FA24, (c) FA26, (d) FA29, and
(e) FA37 (cont.).
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Table 1: Chemical composition determined using x-ray fluorescence (XRF) and physical
properties of FAs.
Fly ash
SiO2 (%)
Al2O3 (%)
Fe2O3 (%)
CaO (%)
MgO (%)
Na2O (%)
K2O (%)
TiO2 (%)
P2O5 (%)
MnO (%)
LOI* (%)
Surface area (BET*) m2/kg

*Based on Brunauer-Emmett-Teller Theory

FA21
43.9
20.1
4.96
21.2
4.29
2.87
0.70
1.36
0.51
0.05
0.40
2921

FA24
40.4
17.5
4.72
24.1
9.39
1.17
0.48
1.40
0.79
0.02
0.62
2858

FA26
42.3
17.9
4.73
25.9
4.74
1.58
0.56
1.44
0.89
0.04
0.12
1446

FA29
37.9
17.4
3.67
28.8
8.00
1.85
0.39
1.17
0.71
0.04
0.82
3925

FA37
36.9
14.0
3.52
37.0
4.80
1.62
0.62
0.87
0.70
0.03
0.50
2560

2.2. MIXTURES DETAILS
2.2.1. Mix Design. The mix design of the AAC mixtures was optimized using
dolomite and Missouri river sand that meet the ASTM C33-16 [122, 130, 131] (Table 2).
The W/FA was slightly modified, based on the calcium content and surface area of the used
precursor, to have consistent workability. The CC mixture, synthesized using ordinary
Portland cement type I, was designed to achieve comparable compressive strength and
workability to those of the AAC mixtures. The nomenclatures of the AAC mixtures were
based on the percentage of the calcium content in the precursor of a mixture, e.g. mixture
C37 is a concrete mixture synthesized using FA37.
2.2.2. Mixing Procedure, Casting, and Fresh Properties. The AAC mixing
procedure was optimized in a previous study [131]. The slump of each concrete mixtures
was determined [132]. Thereafter, the fresh concrete was cast in 100 x 200 mm plastic
cylinders and 150 x 150 x 600 mm beams [133].
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Table 2: Mixtures details of AAC and CC.
Mixture
CAa (kg/m3)
Sanda (kg/m3)
Bb (kg/m3)
W (kg/m3)
W/B

C21
972
810
450
78.3
0.34

C24
972
810
450
78.3
0.34

C26
959
799
450
82.8
0.35

C29
945
788
450
96.3
0.38

C37
959
799
450
82.8
0.35

CC
1069
891
302
172
0.54

Note: SS = 67.5 kg/m3, SH = 67.5 kg/m3, Alk/FA = 0.30, and SS/SH = 1.0.
a
CA and sand: coarse aggregate and sand having specific gravities of 2.76 [134], and 2.60 [135],
respectively.
b
B: binder which is FA for the AAC mixtures and OPC for the CC mixture.

2.2.3. Curing Regime. The casted AAC specimens had a rest time of two hours at
the laboratory ambient temperature of 23 ± 2o C. Thereafter, the specimens were encased
in oven bags and placed in an electrical oven at 70o C for 24 hours. After getting the
specimens out of the oven, the specimens were demolded and stored at the ambient
temperature until the testing age.
The CC specimens were cured at the laboratory ambient temperature for 24 hours.
Thereafter, the specimens were demolded and placed immediately in a moisture room at
temperature of 23 ± 2o C and relative humidity of 95 ± 5% until the testing day.
2.2.4. Mechanical Properties Testing. While the compressive strength is crucial
for strength design, tensile characteristics are important for serviceability, durability, and
ductility as well as numerical analysis. For example, the minimum flexural reinforcement
is typically determined such that concrete cracks before it reaches its flexural capacity.
Deflection analysis is related also to tensile strength of concrete. Furthermore, occurrence
and characteristics of shrinkage cracking are linked to the tensile strength of concrete.
Crack width can be related also to the tensile strength and fracture energy of concrete.
Therefore, this manuscript determined the compressive strengths at the ages of 1, 7, and 28
days by testing concrete cylinders [136]. The concrete beams and cylinders were tested
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also at the ages of 1 and 28 days to determine the flexural and splitting tensile strengths
[137, 138]. The splitting tensile and flexural strengths of the CC mixture were determined
at the ages of 7 and 28 days since the CC was not strong enough to be tested at the age of
1 day.
2.2.5. Microstructural Analysis. For each AAC mixture, a corresponding alkali
activated paste (AAP) was synthesized, cast in a 50 mm cube, and then cured at the same
temperature as their corresponding AAC mixture. Thereafter, samples were taken from the
internal part of each cube and tested.
SE images were acquired to visualize the AAPs mixtures’ products. EDS spectrums
were acquired to determine the elemental composition of the formed products in the AAPs
during the activation. The AAPs samples were taken from the broken cubs with no surface
preparation. XRD analyses of the AAPs samples were carried out also to determine the
compounds composition of the AAPs and to compare them with those of their FAs
references. Those samples were crushed and sieved to pass through openings size of 150
μm, i.e., sieve number 100.

3. RESULTS AND DISCUSSION

3.1. FRESH PROPERTIES
The CC displayed the lowest slump value of 165 mm among all the mixtures despite
having the highest W/C of 0.54. The slump values of the AAC mixtures ranged from 175
to 200 mm (Figure 2a). For a given W/FA, the calcium content in the precursor FA is
inversely proportional to the slump value. For example, for W/FA of 0.35, the slump of
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C37 was slightly smaller than that of C26. Additional nucleation sites for precipitation of
the FA dissolved species are created with higher calcium content, which accelerated the
hardening process of the AAC [113]. Moreover, the reaction of the water and calcium in
the presence of silica and alumina forms CSH and/or CASH faster than the relatively
slower geopolymerization process of the FA. Such formation resulted in low workability
with increasing the calcium content. In addition, the consumption of water in the formation
of CSH and/or CASH also reduces the free water in the mixture thereby reducing the
workability. In addition to the calcium content, the surface area of the FA plays an essential
role in the workability. Mixture C29 which had the second-highest calcium content and
highest W/FA of 0.38, displayed the lowest slump value among the AAC mixtures as FA29
had the highest surface area among the five FAs with 60% higher surface area than the
average value of the other four FAs.

3.2. COMPRESSIVE STRENGTH
3.2.1. Temporal Compressive Strength. The one-day compressive strengths of
the AAC specimens ranged from 25.1 MPa to 37.8 MPa depending on the calcium content
of the FA and its surface area (Figures 2b and 3c). Thereafter, the compressive strengths
slightly increased ranging from 25.2 MPa to 41.2 MPa at 28 days. The one-day
compressive strengths of the AAC specimens represented 88% to 99% of the 28-day
compressive strengths of the corresponding AAC mixture compared to 29% only in the
case of CC. This occurred as the majority of the reaction in the case of AAC,
geopolymerization process, took place in the first 24 hours where high temperature curing
occurred.
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W/FA:
W/FA
W/FA:
0.35 W/FA: 0.34
W/FA:
0.35
0.34
0.38

(a)

(b)

(c)
(d)
Figure 2: Properties of AAC: (a) slump values, (b) temporal compressive strength, (c) the
compressive strength as a function in CaO content of FA, and (d) the compressive
strength as a function in SiO2+Al2O3 content of FA.
3.2.2. Effect of Calcium, Silica, and Alumina Contents. The availability of
silica, alumina, and calcium contents plays important roles in the behavior of the
investigated AAC (Figure 3). High calcium FA-based AAC mixture gains strength due to
two different mechanisms, namely hydration and geopolymerization depending on the
curing regime [139]. Increasing the silica and alumina content of a FA resulted in an
increase in the compressive strength of the AAC linked to the geopolymerization
mechanism (Figure 3d). However, the presence of calcium hindered the geopolymerization
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process reducing the compressive strength of the AAC (Figure 3c). C21, which had the
lowest calcium content, displayed the highest compressive strength while C29, which had
the second-highest calcium content displayed the lowest compressive strength (Figure 3c).
Even though C37 had a higher calcium content than C29, the oven compressive strength
of C29 is lower than C37 due to the high surface area of C29. The high surface area required
more W/FA to be added to enhance the workability and prevent the flash setting, which
resulted in the lowest oven compressive strength among the five AAC mixtures. A direct
t-test was performed to examine the effects of the CaO, SiO2, and Al2O3 contents of the
FAs on the AAC strength. The used data are the compressive strength of the three tested
specimens of each mixtures. The results proved that they had an effect with confidence
level higher than 95% and the t and p values of the effect of CaO, and SiO 2, and Al2O3 on
the strength were -2.53 and 0.0252, and 2.61 and 0.0214.

3.3. SPLITTING TENSILE AND FLEXURAL STRENGTHS
Figure 3 shows the splitting tensile and flexural strengths of AAC and CC
specimens. The splitting tensile strength of the AAC specimens ranged from 1.9 MPa to
2.9 MPa and from 2.0 MPa to 3.1 MPa at the ages of 1 day and 28 days, respectively
(Figure 3a) while those of the CC specimen were 2.4 MPa and 3.1 MPa at the ages of 7
and 28 days, respectively. The flexural strength of the AAC specimens ranged from 3.1
MPa to 4.7 MPa and from 3.2 MPa to 4.5 MPa at the ages of 1 day and 28 days, respectively
(Figure 3b) while those of the CC specimens were 4.0 MPa and 4.5 MPa at the ages of 7
and 28 days, respectively.
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The splitting tensile and flexural strengths were affected by FA chemical
composition as it was the case in the compressive strength case (Figure 3a and b). The
splitting tensile and flexural strengths normalized by the corresponding compressive
strength of the AAC specimens ranged from 7.01% to 7.86% and 9.57% to 12.71% which
indicated that the splitting tensile strength is directly related to the compressive strength of
the AAC mixtures (Figure 3c and d), respectively.
A direct t-test was performed to examine the effects of the CaO content of the FAs
on the splitting tensile and flexural strengths/compressive strength of the AAC specimens.
The used data are the strengths of all tested specimens of each mixture.
The results proved that they had an effect with confidence level higher than 95%
and the t and p values of the effect of CaO the splitting tensile and flexural
strengths/compressive strength were 2.31 and 0.0232, and 3.75 and 0.0004, respectively.
The splitting tensile and flexural strengths/compressive strength of the AAC specimens
increased with increasing and decreasing the CaO and SiO2+Al2O3, respectively (Figure
3e and f).
Table 3 summarizes the different values of k and n (Eq. 1) proposed by different
codes and standards based on data of CC for a comparison purpose. More recently,
researchers developed also similar constants for AAC based on class F FA [30], class C
FA [140], slag [60], class F and C FA [34], and a combination of class F FA and slag [29,
32] (Table 3).
Figure 4 presents comparisons between the measured values of 𝑓𝑐𝑡 and 𝑓𝑟 , and those
obtained using Eq. 1 with n and k values presented in Table 3.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3: (a) Splitting tensile and (b) flexural strengths of AAC specimens, (c)
normalized splitting tensile strength, (d) normalized flexural strength, and (e) normalized
splitting strength vs. calcium content and (f) vs. silica and alumina contents (Note: the
CC mixture was cured in the moisture room).
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As shown in Figures 4a, the ACI 318-14 [141], AS 3600 [142], and CEB-FIP model
code [143] expressions predicted quite well the trend of the experimental data. However,
the ACI 318-14 [141] and CEB-FIP model code [143] over-predicted the values of 𝑓𝑐𝑡 of
all concrete specimens (Figure 4a). Furthermore, AS 3600 [142] represented a lower bound
for the values of 𝑓𝑐𝑡 for all concrete specimens (Figure 4a). It is worth noting that those
different codes and standards were developed for CC mixtures. Therefore, they were used
in this manuscript for guidance only. Furthermore, regression analysis of the measured data
showed that Eq. 3 is best representing fct with R2 value of 0.97. Figure 4(c) shows the
relationship between the predicted and measured splitting tensile strengths. For design
purpose, Eq. 3 needs to be reduced based on reliability analysis once more data is available.
However, given the limited data, the authors of this manuscript proposed to multiply Eq. 3
by a reduction factor of 0.85. This factor was selected such that the predicted fct values
represent a lower bound for all test points. The reduced values of fct is presented in Figure
4a and designated as fct_design.
The measured flexural strength of the AAC are within those proposed by the
different codes (Figure 4b) with the ACI 318-14 [141] and AS 3600 [142] slightly underpredicted the values of 𝑓𝑟 . The CEB-FIP model code [143] over-predicted, however, the
values of 𝑓𝑟 . Furthermore, regression analysis of the measured data showed that Eq. 4 is
best representing fr with R2 value of 0.93. Figure 4(c) shows the relationship between the
predicted and measured flexural strengths. For design purpose, the authors of this
manuscript proposed to multiply Eq. 4 by a reduction factor of 0.81. This factor was
selected such that the predicted fr values represent a lower bound for all test points. The
reduced values of fr is presented in Figure 4b and designated as fr_design.
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(a)

(b)

(c)
Figure 4: Measured vs. predicted: (a) splitting tensile strength, (b) flexural strength, and
(c) splitting and flexural strength for the proposed equations.
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Flexural

Splitting tensile

Table 3: Splitting tensile and flexural tensile strength parameters.
ACI 318 (2014)
AS 3600 (2001)
CEB-FIP model
code (2010)
Sofi et al. (2007)
Yang et al. (2012)
Ryu et al. (2013)
Lee and Lee (2013)
Topark Ngram et
al. (2015)
Proposed Equation
ACI 318 (2014)
AS 3600 (2001)
CEB-FIP model
code (2010)
Sofi et al. (2007)
Diaz et al. (2011)
Yang et al. (2012)
Proposed Equation

k
n
m
0.560 0.50 0.400 0.50 -

a
-

b
-

Type of binder
OPC
OPC

0.300 0.67

-

-

-

OPC

0.480
0.255
0.170
0.450

0.50
0.65
0.75
0.50

-

-

-

Class F FA + Slag
Slag
Class F FA
Class F FA + Slag

0.450 0.57

-

-

-

Class C FA

0.440 0.50
0.62 0.50
0.60 0.50

-

-

-

Class C FA
Cement
Cement

0.45

2/3

-

-

-

Cement

0.70
0.69
0.35
0.65

0.50
0.50
0.65
0.50

-

-

-

Class F FA + Slag
Class F and C FAs
Slag
Class C FA

𝑓𝑐𝑡 = 0.44 √𝑓𝑐′

(3)

𝑓𝑟 = 0.65 √𝑓𝑐′

(4)

3.4. MICROSTRUCTURAL ANALYSIS
3.4.1. SEM and EDS Analyses. Figure 5 shows the SE images and EDS spectrums
of the AAP specimens. Table 4 shows the quantitative analysis of elements of the different
products of AAP specimens. In addition to the partially unreacted FA particles which was
designated “A”, two main products were noticed in the SEM images: aluminosilicate gel
containing calcium, i.e., (CNASH) which was designated “B” and pure aluminosilicate gel
(NASH) which was designated “C”. Those products can be identified using the EDS
spectra while the partially unreacted FA particles can be identified visually and using the
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EDS spectra. The EDS spectra of the partially reacted FAs were similar to those of the raw
FAs (Figure 1). The EDS spectrum of the CNASH gel had higher sodium and silicon
contents compared with the raw FA indicating the incorporation of the sodium and silicon
from the alkali activators with the raw FA (Table 4). The EDS spectrum of the NASH gel
had a minimal calcium presence (Table 4). The specimens synthesized using a relatively
high calcium content FA were less dense than the rest of the specimens which could be
noticed by the existed voids in their SEM images which was designated “D” in Figure 5.
In addition, specimens synthesized using relatively high calcium content FA had higher
percentage of partially unreacted FA. These results supported the high compressive
strengths of C21, C24, and C26 and the relatively low compressive strength of C29 and
C37.
Table 4: Quantitative analysis of the elements of different products of AAP specimens by
EDS (%).
FA
FA21
FA24
FA26
FA29
FA29

Products

C

O

Na

Mg

Al

Si

Ca

Ti

Fe

A

2.93 37.55

7.68

1.16

14.36 18.81

11.06

0.93 3.91

B

3.14 40.68

8.92

1.31

7.48

15.73

14.73

1.10 5.76

A

4.37 40.74

4.22

4.43

6.19

21.00

15.49

0.50 3.06

B

7.68 40.14

8.22

4.31

7.78

12.83

14.47

0.62 2.59

B

2.92 32.67

5.51

1.36

7.30

15.31

28.05

0.99 4.15

C

2.21 37.34

7.41

1.12

12.45 25.56

4.18

4.94 2.69

A

3.12 41.59

6.01

5.10

10.87 11.74

16.97

0.59 2.71

B

4.32 42.79

9.53

3.11

7.73

12.14

15.90

0.56 1.93

A

3.75 37.27

3.83

4.40

6.93

11.12

25.50

1.20 5.04

B

5.53 33.05

6.13

1.14

11.74 23.99

9.02

4.64 3.29
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Figure 5: SEM and EDS of AAP specimens synthesized using (a) FA21, (b) FA24, (c)
FA26, (d) FA29, and (e) FA37.
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Figure 5: SEM and EDS of AAP specimens synthesized using (a) FA21, (b) FA24, (c)
FA26, (d) FA29, and (e) FA37 (cont.).
3.4.2. XRD Analyses. Four main compounds were found in all FAs using XRD
(Figure 6a); this included quartz (SiO2), anatase (TiO2), periclase (MgO), and calcium
aluminum oxide (Ca9Al6O18). For the FAs that had a relatively high calcium content,
additional calcium compounds such as calcium oxide (CaO) and Gehlenite (Ca2Al2SiO7)
appeared. For FA37 that had the highest calcium content among the five FAs, Hatrurite
(Ca3SiO5) compound was dominantly appeared in the XRD pattern (Figure 6a).
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(a)

(b)
Figure 6: XRD patterns of (a) raw FA and (b) AAPs tested at ages of 1 and 28 days.
(Note: (A) FA37, (B) FA29, (C) FA26, (D) FA24, and (E) FA21).
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The XRD of the AAPs, tested at ages of 1, 7, and 28 days, displayed lower peak
intensities of the different compounds compared with their corresponding raw FAs
indicating that part of the crystalline compounds were dissolved and formed new products
in the amorphous phase. These intensities slightly decreased with time which explained the
slight temporal increase in the strength of the AAC specimen. Furthermore, while AAPs
synthesized using low calcium content FAs did not include any new crystal compounds,
those synthesized using high calcium FAs included new crystal compounds compared with
their raw FAs such as katoite (Ca2.93Al1.97) and zoisite Ca2Al3Si3O12OH which can be
considered as CASH products due to the hydration process which agreed with the results
of EDS spectrums (Figure 5). It is worth noting that calcite was formed in all AAPs due to
the carbonation of the calcium hydroxide during the preparation of the power samples.

4. CONCLUSION

This study investigates the mechanical properties of AAC mixtures synthesized
using five class C FAs having different chemical compositions. A reference CC mixture
was prepared and tested as well. The AAC mixtures were cured at 70o C for 24 hours. The
compressive, splitting tensile, and flexural strengths were determined following different
ASTM standards. The developed mixtures displayed compressive strengths exceeding 25.1
MPa; therefore, all developed mixtures can be used for structural applications in
transportation infrastructure including bridge decks. Earlier study by the authors showed
that the developed mixtures displayed also compatibility for being used as a repair material
[121, 128]. The following conclusions can be drawn from the current investigation:
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•

The calcium content in a FA reduces the compressive strength of thermally cured AAC.
AACs synthesized using class C FAs having relatively lower calcium content displayed
higher compressive strengths reaching 37.8 MPa while those with relatively high
calcium content displayed lower compressive strengths reaching 25.1 MPa.

•

All AAC mixtures reached approximately 92% of its 28-day compressive strength after
one-day compared to 29% only in the case of CC. Therefore, AAC can be used in
applications where rapid strength gain is required such as urgent repair, precast
industry, etc.

•

The ACI 318-14 and CEB-FIP model code overestimated the splitting tensile strength
of AACs and CC. The ACI 318-14 underestimated, however, the flexural strengths of
AACs and CC. The CEB-FIP model code overestimated the flexural strengths of
AACs. The AS 3600 underestimated the splitting tensile and flexural strength of AACs.
The measured data was used to develop a set of equations to accurately predict the
flexural and splitting tensile strengths.

•

SE images of the AAC mixtures synthesized using relatively low calcium content
displayed more compacted matrices compared with those synthesized using high
calcium content which explained their relatively higher compressive strength.

•

The XRD of the AAPs synthesized using relatively low calcium content FAs did not
display any new crystal compounds while those synthesized using high calcium FAs
displayed CASH crystalline products, such as katoite and zoisite, due to the hydration
process.
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ABSTRACT

The compressive strength and its corresponding microstructure of alkali activated
concrete (AAC) synthesized using high calcium fly ashes (FAs) cured at dry and moist
ambient temperature were investigated and compared with those cured at a dry elevated
temperature of 70o C. Five diverse class C FAs were used to synthesize the examined AAC
mixtures. The compressive strength was tested at ages of 1, 7, and 28 days. Several features
of the microstructure were examined using scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM/EDS), X-ray diffraction (XRD), and thermal
gravimetric analysis (TGA). The results revealed the calcium content of the FA helped in
increasing the compressive strength in the case of both dry and moist ambient curing, while
increasing the calcium content had an opposite behavior of decreasing the compressive
strength under dry elevated temperature curing. The compressive strength of the five AAC
mixtures that were ordered from the lowest to highest calcium content reached to 32.9,
29.4, 30.8, 33.3, and 36.6 MPa after 28 days of dry ambient curing, 45.7, 51.2, 47.5, 45.5,
and 51.5 MPa after 28 days of moist ambient curing, and 37.8, 37.3, 31.9, 25.07, 30.9 MPa
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after curing at 70o C for 24 hours. Similar to the concrete mixture synthesized using
ordinary Portland cement (OPC), curing the AAC at high RH was beneficial for the
strength. In terms of the microstructure examination, for all curing regimes, the SE images,
EDS spectrums, XRD patterns, and TG analyses showed the formation of hydration
products (C-A-S-H) and alumiosilicate gel containing calcium (C-N-A-S-H) which
increased with increasing the calcium content of the FA which was associated with the
increase of compressive strength. Also, the formation of C-A-S-H increased in case of the
moist cured specimens, while,the pure aluminosilicate gel (N-A-S-H) appreaed only in the
dry oven cured specimens.
Keywords: Class C fly ash, compressive strength, strength development, microstructural
analysis, calcium content, ambient temperature, elevated temperature.

1. INTRODUCTION

Concrete is the second most consumed material after water [144]. The annual global
concrete production amounts to four tons per capita [1]. Ordinary Portland cement,
aggregates, and water are the main components of the conventional concrete (CC)
production. Current’s OPC and concrete industry faces environmental, economic, and
sustainability challenges such as CO2 gas emission that contributes to the climate change,
energy consumption, manufacturing cost, and depletion of natural resources [145]. On the
other hand, the industrial waste by-product materials is another challenge for the
modernized world. Therefore, with the new infrastructure required to accommodate the
quickly growing world population, addressing those challenges is demanded.
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Alkali activated concrete (AAC) [6] or geopolymer concrete (GC) [11] is an
alternative eco-friendly material for CC developed from waste industrial materials such as
fly ash (FA) and ground granulated blast furnace slag. AAC is inorganic polymer material
synthesized using material rich in silica and alumina with alkali solutions such as sodium
silicate and/or sodium hydroxide that induce the formation of strong binding phases. This
manuscript focuses on the use of FA as a precursor for producing AAC where the global
annual output of FA is estimated to be up to 1 billion tons [146]. Therefore, AAC does not
only turn waste into treasure but are also environmentally friendly.
Early research on GC focused on using low calcium FA, Class F per ASTM C61819 [147], as a precursor [13, 27-33]. Low calcium FA requires an elevated curing
temperature to trigger the geopolymerization process resulting in structurally sound
concrete[25]. The presence of calcium in low calcium FA, however, is considered as a
contamination that could slow down the reaction rate, precipitate Ca(OH)2, and interfere
with the geopolymerization process by replacing cations within the geopolymer forming
poorly ordered calcium aluminosilicate gel that reduces the concrete strength [36-38, 45].
However, elevated curing temperature process is mostly applicable for precast
facilities only. Therefore, when curing at the ambient temperature is needed, high calcium
material such as slag and metakaolin have been added to low calcium FA-based AAC to
improve its strength at ambient curing due to the formation of calcium silicate hydrate (CS-H) and/or calcium aluminate silicate hydrate (C-A-S-H) [61, 106, 127]. The existing
sodium (Na), Silicon (Si), and Aluminum (Al) elements in the EDS spectrums is an
indication of the bonding between them and the formation of a geopolymer product such
as sodium aluminate silicate hydrate (N-A-S-H) [25]. Also, the Calcium (Ca) element was
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existed with relatively the absence of the Na which was an indication of the formation of
hydration products such as C-S-H and C-A-S-H [25, 47]. Geopolymeric and hydrated
products were observed in AAC mixtures [35, 47].
High calcium FA, Class C ASTM C618-19 [147], has been emerged recently as a
precursor for AAC [46-48, 50, 121, 128, 140, 148]. The possible phases that form in high
calcium FA-based AAC mixtures are C-S-H, C-A-S-H, N-A-S-H, and calcium sodium
aluminate silicate hydrate (C-N-A-S-H) due to two different reactions: hydration and
geopolymerization [139, 149]. Calcium, silica, and alumina in FA can hydrate at ambient
temperature forming C-S-H and/or C-A-S-H. High temperature curing, however, trigger
geopolymerization process forming networks of mineral molecules connected by covalent
bonds [100, 140].
Although, adding an external powder source of calcium as a partial replacement to
class F FA or Metakaolin, which have low calcium content, such as OPC, granulated blast
furnace slag, calcium oxide, or calcium hydroxide increased the compressive strength, the
strength development of AAC depended on the type of calcium [38, 113, 150, 151].
However, the effect of various FAs that originally having different high calcium contents
from their source on rate of the increase of the compressive strength of AAC yet to be
studied.
The effect of curing the AAC at a high humidity condition is not clear in the
literature. While curing conventional concrete (CC) synthesized using OPC at high
humidity condition is beneficial, but this was not the case for ambient cured AAC [113,
152-155]. Water curing of class C FA and class F FA-based AAC did not significantly
increased their 28-day compressive strengths compared to those of dry cured at ambient
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temperature. During the curing process, the alkali activators were leached out from the
pores and caused a decrease in the concentration/quantity of the alkali activators existed in
the matrix. When such condition occurs, matrix with a higher porosity and lower amount
of reaction products was created, thus, lower compressive strength was obtained. However,
other studies found out that curing AAC at high humidity condition resulted in a higher
compressive strength compared to those cured without high humidity condition [156, 157].
It was found that the availability of high humidity condition during the curing process led
to a continuous hydration process, higher hydration products, and denser matrix, thus, a
concrete with a higher strength. Therefore, due to that contradicting in the literature
review’s results, a further investigation is necessary for the effect of high humidity curing
condition on class C FA based-AAC.
ASTM C618-19 [147] classify and characterize the FA based on its chemical
composition. However, to determine the suitability of using a FA as a partial replacement
with OPC or precursor for AAC, other efforts have been carried out to determine the origins
of and quantify the FA reactivity [158, 159]. FA has approximately from 50 to 90% of its
mass amorphous phases which they are structurally like those of conventional
aluminosilicate glasses [158]. Recent studies indicated that the dissolution of the
aluminosilicate glasses in a high pH solution is related to the topology of atomic glass
network [158, 160]. The topology of atomic glass network can be presented in two
chemostructural descriptors: network ratio and number of atomic constraints.
The network ratio evaluates ratio of non-bridging oxygen (NBO) to bridging
oxygen (BO), where a glass with a high bridging oxygen content features strong chemical
bonds and low reactivity. Eq. 1 describes the network ratio calculations where Xi is the
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mole fraction of element i; M2O represents mass content of alkali cation in FAs; and MʹO
represents the mass content of alkali cation in FAs [161]. Topological constraints
demonstrate degrees of atomic structure freedom and rigidity of glasses [162]. Eq. 2
describes the number of constraints calculations where x and y are the molar fractions of
CaO and Al2O3 in FAs [163]. Only the dominant oxides of FAs, i.e. SiO2, CaO, and Al2O3,
were considered where the composition of FAs is simplified as (CaO)x(Al2O3)y(SiO2)1-x-y
by normalizing the molar fractions of these three oxides.
𝑁𝑟 =

2×(𝑋𝐶𝑎 +𝑋𝑀𝑔 )+𝑋𝐾 +𝑋𝑁𝑎 −𝑋𝐴𝑙
𝑋𝑆𝑖 +2×𝑋𝐴𝑙

𝑁𝑟 = 0 for [𝑀

𝐴𝑙2 𝑂3

2 𝑂+𝑀

𝑁𝑐 =

′𝑂

for [𝑀

𝐴𝑙2 𝑂3

2 𝑂+𝑀

]>1

11 − 12𝑥 + 𝑦
3 − 2𝑥 + 2𝑦

′𝑂

]<1

(1a)
(1b)

(2)

These two parameters can be considered alternative classifications for FA to the
conventional one to determine its dissolution behavior and reactivity when used to
synthesize AAC. Therefore, the applicability of these two parameters will be evaluated
based on the results of this study.
Microstructural analysis including scanning electron microscopy (SEM) images
and energy dispersive X-ray spectroscopy (EDS) spectrums are effective tools to
investigate the compactness of concrete and its elemental composition at any specific area
of concrete. the image to identify the formed products in the AAC mixtures. Higher
compactness is observed in mixtures that display relatively high compressive strength.
However, loose mixtures and appearing unreacted FA particles in the SEM images is
combined with a low compressive strength [35, 38, 52].
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The XRD technique only identifies compounds that are crystalline. By comparing
the XRD patterns of the raw FA before and after adding the alkali activators, the activation
effectiveness and new formed compounds in the crystalline phase can be determined. If
the XRD pattern of a AAC mixture remains similar to that of the raw FA , it is an indication
to a small formation of geopolymer or hydration products and low compressive strength
[25]. Decreasing or disappearing crystalline compounds of raw FA in the XRD pattern of
the AAC pattern is an indication to dissolving crystalline compounds that formed either
new amorphous or crystalline compounds which is an indication for high compressive
strength [21, 35]. The formed new crystalline compounds were such as zeolitic compounds
from the raw FA, and Ca compounds, CaCO3, and C-S-H [5, 35, 47].
The TGA show a decrease in mass of the tested specimens with increasing the
temperature due to evaporating the water combined with different compounds at certain
temperatures. The mass drops at temperature of 60o-250o was observed and identified due
to evaporation of water from C-S-H and N-A-S-H [14, 164]. Mass drops were found at
temperatures of 450o-500o C and 564o-690o C due to decomposition of the calcium
hydroxide (CH) and carbonate CaCO3, respectively [165, 166].
According to the best knowledge of the authors, the impact of different curing
regimes on the compressive strength and microstructure of AAC synthesized using class C
FAs having wide range of calcium content was not investigated before, which motivated
the authors to do so. Understanding such impact will reveal the suitability of applying
different curing regimes on class C based AAC. Therefore, it will guide class C FA based
AAC users to choose the most suitable curing regime based on the chemical composition
of FA to maximize the compressive strength and microstructure compactness. In addition,
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the network ratio and number of constraints methods will be evaluated as alternative
classifications for the conventional classification using the ASTM C618-19 to better inform
and enhance the use of FA as main precursor for AAC without scarifying concrete
performance.
The curing regimes included curing at the ambient temperature with and without
high relative humidity for 28 days as well as dry curing at 70o C for 24 hours. To explain
the results of this work as well as comparing them to the results from previous studies, the
microstructural analyses were carried out on different mixtures to help in understanding
the effect of the different curing regimes on the AAC at the microstructural level.

2. EXPERIMENTAL PROCEDURE

2.1. MATERIALS
In this section, the materials that were used to synthesize the AAC and CC were
described.
2.1.1. Aggregates. Dolomite with a specific gravity of 2.76 per the ASTM C12715 [134] was used as the coarse aggregate. Missouri river sand with a specific gravity of
2.60 per the ASTM C128-15 [135] was used as a fine aggregate. The results of the
aggregates sieve analysis showed that both coarse and fine aggregates were within the
limits of the ASTM C33-16 [130].
2.1.2. Fly Ash. Five class C FAs per ASTM C618-19 [147], namely, FA37, FA29,
FA26, FA24, and FA21, were used in this study (Table 1). The FAs were labeled according
to the calcium content of each FA, for example, FA37 had a calcium content of 37%.
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Table 1: Chemical Composition of FAs by XRF.
FA
Oxides
SiO2 (%)
Al2O3 (%)
Fe2O3 (%)
CaO (%)
Sum(SiO2 + Al2O3 + Fe2O3) (%)
MgO (%)
Na2O (%)
K2O (%)
TiO2 (%)
P2O5 (%)
MnO (%)
LOI* (%)
MCb (%)
Surface area (BET) (m2/kg)
Network ratio
Number of constraints
a

FA21
(%)
43.9
20.1
4.96
21.2
69.0
4.29
2.87
0.70
1.36
0.51
0.05
0.40
0.01
2921
0.593
2.819

FA24
(%)
40.4
17.5
4.72
24.1
62.7
9.39
1.17
0.48
1.40
0.79
0.02
0.62
0.10
2858
1.004
2.731

FA26
(%)
42.3
17.9
4.73
25.9
64.9
4.74
1.58
0.56
1.44
0.89
0.04
0.12
0.04
1446
0.814
2.720

FA29
(%)
37.9
17.4
3.67
28.8
59.1
8.00
1.85
0.39
1.17
0.71
0.04
0.82
0.02
3925
1.175
2.600

FA37
(%)
36.9
14.0
3.52
37.0
54.4
4.80
1.62
0.62
0.87
0.70
0.03
0.50
0.07
2560
1.503
2.428

LOI: Loss on ignition
MC: Relative humidity

b

A surface area and pore size analyzer was used to measure the surface area of the
five FAs based on the Brunauer-Emmett-Teller (BET) theory. The surface area results of
the five FAs ranged from 1446 to 3124 m2/kg with FA25 having the highest and FA29
having the lowest surface areas, respectively (Table 1).
2.1.3. Alkali Activators.

Sodium silicate (SS) and sodium hydroxide (SH)

solutions were used in this study. The SS consists of 14.7% Na2O, 29.4% SiO2, and 55.9%
H2O; the ratios were by weight. The SH solution was prepared to have a molarity of 10M,
where it resulted in a good balance between strength and workability of AAC [48, 63]. The
mixing ratios of the SS/SH and Alk/FA remained constant at 1.0 and 0.30, respectively
[122, 167].
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2.2. SPECIMEN PREPARATION
One mixture, per each FA, was designed to have an average slump value of 175 mm;
the mixtures were prepared and used during this study (Table 2). Water-to-FA ranging from
0.34 to 0.38 was used, depending on the characteristics of the sourced FA, to achieve the
target slump [122, 167, 168]. The two main factors that affect the required W/FA were the
calcium content of the FAs and the surface area of the FAs. The FA37 that had the highest
calcium content and the FA26 that had the third highest calcium content had W/FA of 0.35.
The FA29 had the second highest calcium content combined with the highest surface area
which required higher water content to improve the workability and hence a W/FA of 0.38
was used in that mixture. The two mixtures for FA24 and FA21 had a slightly lower W/FA
of 0.34 due to their lower calcium content. The mixing procedure of the AAC mixtures
were optimized and followed a previous study [169].
Table 2: Mix design of AAC and CC mixtures (kg/m3).
Mix W/FA
W/C
CAa Sand
FA
W
OPCb
C21
0.34
972
810
450
78.3
C24
0.34
972
810
450
78.3
C26
0.35
959
799
450
82.8
C29
0.38
945
788
450
96.3
C37
0.35
959
799
450
82.8
CC
0.54
1069
891
172
302
Note: Alk/FA = 0.30, SS/SH = 1.0, SS = 67.5 kg/m3, and SH = 67.5 kg/m3.
a
CA: Coarse aggregate
b
OPC: Ordinary Portland cement

The nomenclatures of the AAC mixtures start with the letter “C” for concrete
followed by the calcium content percentage in the FA that was used in that concrete
mixture. For example, C37 is AAC synthesized using a FA having a calcium content of
37%.
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A conventional concrete (CC) mixture synthesized using OPC was prepared as a
reference mixture (Table 2) to compare its performance with that of the five AAC mixtures.
A water-to-cement (W/C) of 0.54 was selected for the CC mixture to achieve a similar
slump to those of AAC. The CC mixture was mixed per ASTM C192-16 [133].

2.3. SPECIMEN CURING
Two curing regimes were applied to the AAC. The first curing regime was a dry
ambient where the specimens were encased in sealed plastic bags, to prevent the moisture
loss from the specimens, and stored in the laboratory at the room ambient temperature of
23 ± 2o C until the testing day. The second regime was a moist ambient curing where the
specimens were placed in the moisture room, at a temperature of 23 ± 2° C and relative
humidity of 95 ± 5%, right after demolding the specimens until the testing day. The CC
mixture was subjected to the moist ambient curing regime.

2.4. MICROSTRUCTURAL ANALYSIS
In order to understand and explain the impact of the two curing regimes on the
microstructure of AAC and subsequently the compressive strengths of AAC,
microstructural tests were carried out using scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM/EDS), X-ray diffraction (XRD), and thermal
gravimetric analysis (TGA). For each AAC mixture an alkali activated paste (AAP)
mixture was prepared using the same W/FA and Alk/FA and was cured using similar
regimes.
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2.4.1. SEM/EDS. The compactness of the different mixtures was visualized by
acquiring secondary electron images and elemental compositions of the different products
such as N-A-S-H, C-A-S-H, C-N-A-S-H, and C-S-H were determined using (EDS)
spectrums. The tested samples were taken from the internal body of the AAP cubes to avoid
any contamination from the form oil at the external surfaces of the AAPs cubes.
2.4.2. XRD. XRD analysis using diffractometer was carried out to investigate the
crystalline compounds compositions of the raw FAs and AAPs.
2.4.3. TGA.

TGA was used to determine the crystalline and amorphous

compounds of the AAPs by heating the tested samples to 1400o C with a heating rate of
10o C/min in a nitrogen gas flow condition. With heating, each compound evaporated at its
evaporation temperature leading to a drop in the mass of the tested sample at that
temperature which was used to determine that compound.

3. RESULTS AND DISCUSSION

In this section, the results and discussions of the compressive strengths and
microstructural analyses of the results were presented. The results were also compared to
those of similar mixtures subjected to high curing temperature of 70o C for 24 hours [170].

3.1. COMPRESSIVE STRENGTH DEVELOPMENT
The compressive strengths of all AAC mixtures were higher than that of the CC
mixture (Figure 1). The CC mixture, however, was moist ambient cured and its
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compressive strength was presented as a reference for all AAC mixtures regardless of the
curing regime.
Specimens subjected to the dry ambient curing regime displayed a strong strength
development during the first 7 days reaching 27.6 MPa to 35.7 MPa (Figure 1) depending
on the calcium content and surface area of the used FA as explained in the following
section. This represented 90% to 99% of the 28-day compressive strength of the test
specimens with the 28-day compressive strengths ranged from 29.4 MPa to 36.6 MPa. At
the age of 1-day, two AAC mixtures had an average compressive strength of approximately
18.4 MPa those mixtures were synthesized using FAs had the highest calcium contents
among the five FAs; the other three AAC mixtures synthesized using relatively low
calcium content FAs, however, had relatively low compressive strengths.
Specimens subjected to the moist ambient curing regime displayed a strong strength
development during the first 7 days reaching 33.4 MPa to 38.0 MPa (Figure 1). Unlike the
dry ambient-cured specimens, there was also a significant increase in the compressive
strength between the age of 7 and 28 days. The 7-day compressive strengths represented
approximately 71% to 74% of the 28-day compressive strengths of the test specimens with
the 28-day compressive strengths ranged from 45.5 MPa to 51.5 MPa. For the CC mixture,
at the age of 7 days, the compressive strength was 74% of that of at age of 28 days.
It is worth noting that while both the dry and moist ambient-cured specimens
developed 71% to 99% of their 28-day compressive strengths at 7 days, the same mixtures
developed 88% to 99% of their 28-day compressive strengths at 1 day when subjected to
oven-curing with the 1 day and 28 day compressive strengths ranging from 25.1 MPa to
37.8 MPa and 25.2 MPa to 41.2 MPa, respectively [170].
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(a)

(b)

(c)
Figure 1: The compressive strength development of the (a) dry ambient-, (b) moist
ambient-, and (c) dry oven [170]-cured specimens. (Note: the CC mixture was moist
ambient cured).

3.2. PARAMETERS AFFECTING THE COMPRESSIVE STRENGTH
It worth noting, as mentioned before, that the compressive strength depended on
many factors such as the calcium content, surface area, W/FA and curing regime.
3.2.1. Curing Regime. The strength in the case of the class C FA-based AAC
mixtures occurred due to two intercorrelated reactions: hydration and geopolymerization.
The hydration process triggered at ambient temperature forming C-S-H and C-A-S-H
products while the geopolymerization process is triggered at elevated temperature forming
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N-A-S-H product. Also, a C-N-A-S-H product forms due to a combination of the two
reactions. Water is required for and consumed during the hydration process; however, most
of the water that is used during the geopolymerization process is repelled after placing the
concrete [11]. Therefore, moist ambient-cured specimens displayed the highest 28-day
compressive strengths (Figure 2) since ambient temperature curing triggered high
hydration process. Furthermore, dry ambient-cured specimens displayed the lowest
compressive strength when relatively high strength development occurred up to 7 days due
to the existence of free water in the mixture; then, once the free water was consumed the
compressive strength remained approximately constant. In addition, lack of curing resulted
in a coarser pore size distribution, higher total porosity, existing of a network of
interconnected microcracks which are reflected by cessation of growth of compressive
strength [171].

Figure 2: Compressive strength at the age of 28 days of three different curing regimes for
the five different FAs sources.
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It is worth noting that oven-cured AAC specimens [170] displayed a slight
improvement in the compressive strength with time because the majority of the reaction
took place in the first 24 hours where the geopolymerization process took place. Thereafter,
without an elevated curing temperature or a high humidity curing environment, continuous
reaction products were not created to increase the compressive strength.
3.2.2. Oxides’ Ratios. The compressive strength of the different concrete mixtures
versus the CaO, summation of SiO2 + Al2O3, (SiO2+Al2O3)/CaO, and Na2O/Al2O3 of the
FAs are shown in Figure 3. The strength of ambient temperature cured AAC mixtures is
mainly gained by the hydration process which requires calcium content to take place.
Therefore, for the same W/FA, with increasing the calcium content and decreasing the
(SiO2+Al2O3)/CaO, the compressive strength increased at ambient curing (Figures 3a and
3b). Furthermore, the rate of geopolymerization is slow and therefore its contribution to
the compressive strength is modest especially at the early ages. Therefore, FA37 and FA29
that had the highest calcium content among the FAs, displayed the highest 1-day
compressive strength due to the dominance of the hydration process (Figure 3a). Moreover,
higher calcium content react with water which generates heat from the exothermic process
of the hydration reaction, thus, this generated heat accelerates the rate of reaction [172].
While the geopolymerization process requires mainly silica and alumina along with an
elevated temperature to take place at quick rate. Therefore, increasing the silica and
alumina did not increase the compressive strength (Figures 3b and 3c).
For the moist ambient curing, the calcium content affected the strength where, with
the same W/FA, FAs with relatively higher calcium content such as FA37 and FA24,
showed the higher compressive strength than those of FA26 and FA21, respectively. The
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W/FA affected the strength where although FA24 had lower calcium content than FA26,
FA29, and FA37, it showed the second highest compressive strength after FA37 due to its
lowest W/FA of 0.34 among the other mixtures. Although FA29 had the second highest
calcium content, it did not show the second highest compressive strength due to the high
W/FA that was required to show a comparable workability to the other mixtures due to the
highest surface area comparing the other FAs. Furthermore, due to the speedy setting of
FA29 mixture caused by its high surface area, the hydration of calcium in alkali medium
was incomplete and formed Ca(OH)2 which hindered strength development [107, 173].
Increasing the silica and alumina content of a FA while applying oven curing
resulted in an increase in the compressive strength of the AAC which dominantly gained
by the geopolymerization mechanism (Figure 3c). However, the presence of calcium
interfered in the geopolymerization process reducing the compressive strength of the AAC
(Figure 3a) [170]. This also could be seen in Figure 3b where the compressive strength
increased with increasing (SiO2+Al2O3)/CaO. Therefore, C21, which had the highest
(SiO2+Al2O3)/CaO, displayed the highest compressive strength.
Dry ambient curing

Moist ambient curing

Dry oven curing

(a)
Figure 3: The compressive strength of the dry ambient-, moist ambient-, and dry ovencured AAC specimens as function in (a) CaO content of FA, (b) SiO2+Al2O3 content of
FA, (c) (SiO2+Al2O3)/CaO of FA, (d) SiO2/Al2O3 of AAC mixture (molar fraction),
and (e) Na2O/Al2O3 of AAC mixture (molar fraction), respectively.
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(b)

(c)

(d)

(e)
Figure 3: The compressive strength of the dry ambient-, moist ambient-, and dry ovencured AAC specimens as function in (a) CaO content of FA, (b) SiO2+Al2O3 content of
FA, (c) (SiO2+Al2O3)/CaO of FA, (d) SiO2/Al2O3 of AAC mixture (molar fraction), and
(e) Na2O/Al2O3 of AAC mixture (molar fraction), respectively (cont.).
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Although C29 has the second highest calcium content, the compressive strength of
the moist ambient- or dry oven-cured specimens synthesized out of the C29 at age of 28
days was not the second-highest or second-lowest compressive strengths among the five
mixtures (Figure 1b). As it was mentioned earlier, the high calcium content of the C29 and
the high surface area required higher W/FA than the other FAs to obtain similar workability
for all mixtures. Therefore, the compressive strength was affected negatively especially the
strength development. However, at the ambient temperature, the compressive strength of
C29 was the second-highest among the five AAC mixtures at the early ages of 1 and 7
days, and the age of 28 days for the dry ambient-cured regimes (Figure 1a). That could be
explained by the high calcium content and the high surface area of FA29. The high surface
area provided more nuclei cites that provided more area for precipitation of C-S-H and CA-S-H, therefore, increasing the growth rate.
As shown in Figures 3c, in case of dry oven curing regime, the compressive
strength decreased with increasing the SiO2/Al2O3 which displayed the highest
compressive strength at SiO2/Al2O3 of 4.1 of AAC mixture. The same result was observed
where the compressive strength increased up to about SiO2/Al2O3 of 3.2 to 4.0 and
decreased thereafter [66, 174]. Increasing the silica in the AAC systems resulted in more
species of silicate available for condensation forming oligomeric silicates which combine
with the aluminate to form the 3D geopolymer network [66, 174]. However, the rate of
condensation is slow in the high silicate species which results in a relatively low
compressive strength [66, 174]. Increasing the aluminate contents in the AAC system
resulted in a faster condensation rate and improved the reactivity of the FA which higher
compressive strength [174, 175]. In case of the dry ambient and moist ambient curing
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regimes, the compressive strength increased with increasing the SiO2/Al2O3 where higher
silica content reacts with calcium and results in higher hydration products “C-S-H” product
as shown in the SEM/EDS section.
Similarly, to metakaolin and class F FA based AAC, i.e., low calcium systems, the
highest compressive strength were achieved at Na2O/Al2O3 ranged from 0.88 to 1.0, since
the alkali charges balances the aluminosilicate tetrahedral in the geopolymer gel, which is
negatively charged due to the inclusion of aluminum [176-180]. Although the Na2O/Al2O3
was varied in a very narrow range from 0.76 to 1.00, in case of dry ambient and moist
ambient curing regimes, the highest compressive strength was at Na2O/Al2O3 of 1.00
(Figure 3d) which was in the reported range in the literature. However, in case of dry oven
curing regime, the highest compressive strength was obtained at Na2O/Al2O3 of 0.80 due
to the availability of the calcium in the AAC system which does not require the sodium
oxide to form either C-S-H and/or C-A-S-H. Where, increasing the sodium oxide in the
AAC system without attributing in the geopolymer formation increases the carbonation at
the surface of the AAC which affect the compressive strength negatively [176, 180].
3.2.3. Network Ratio and Number of Constraints. The relationship between the
network ratio and the number of constraints, and compressive strength of the different
cured specimen is shown in Figure 4. A larger magnitude of network ratio implies greater
disorder in the structure, and, subsequently , higher reactivity of compounds [181]. A larger
magnitude of number of constraints implies a strong bond between the tetrahedral sites,
and, subsequently, lower reactivity of compounds.
For the dry ambient- (Figure 4a and 4b) and moist ambient- (Figure 4c and 4d)
cured specimens, with decreasing the network ratio and increasing the number of
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constraints, the compressive strength increased. These results agreed with the suggested
network ratio and the number of constraints to determine the reactivity of the FAs when
used as a partial replacement with OPC or for the AAC. However, for the dry oven-cured
specimens (Figure 4e and 4f), the compressive strength decreased with decreasing the
network ratio and increasing the number of constraints which contradicted the results of
the dry ambient- and moist ambient-cured specimens’ results. Therefore, it could be
concluded that the network ratio and the number of constraints methods do not apply on
the dry oven-cured. It is worth noting that the network ratio and the number of constraints
methods were developed and tested for the specimens cured at the ambient temperature.

3.3. MICROSTRUCTURAL ANALYSES
3.3.1. SEM/EDS. Figures 5 and 6 show the SE images and EDS spectrums of
ambient-cured specimens. The results of dry oven-cured specimens [170] and the EDS
spectrums of the raw FA were presented as references. It is worth noting that the EDS
spectrums of the FAs displayed calcium contents like those obtained from X-ray
Fluorescence (Table 1 and Figure 4).
The SE images included fully and/or partially unreacted FA particles noted with
the letter A, aluminosilicate gel containing calcium, i.e., C-N-A-S-H noted with the letter
B, hydration products which had the calcium as the main element such as C-S-H and/or CA-S-H noted with the letter C, and aluminosilicate gel, i.e., N-A-S-H noted with the letter
E. The four products were distinguished from each mainly using the EDS spectrums
(Figure 6).
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Network ratio

Number of constraints

(a)

(b)

(c)

(d)

(f)
(e)
Figure 4: The relationship between the network ratio and number of constraints, and
compressive strength of the (a,b) dry ambient-, (c,d) moist ambient-, and (e,f) dry ovencured AAC specimens.
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The ambient-cured mixtures synthesized using relatively high calcium content
being FA37 displayed more compacted and less porous matrices compared with those of
low calcium content being FA21 then subsequently C37 displayed higher compressive
strength compared to other mixtures (Figure 5). Moreover, applying a moist curing regime
resulted in a more compacted and denser matrix (Figure 5) then subsequently higher
compressive strength (Figures 1 and 2) compared with the counterpart ambient-dry cured
specimens. The opposite was observed for oven-cured specimens with higher amount of
unreacted FA compared to those observed in the counterpart ambient-cured mixtures. Oven
curing triggered more geopolymerization reaction which increases with increasing the
silica and alumina content, in a FA [170]. Therefore, specimens synthesized using a
relatively high calcium content FA and oven-cured were less dense than the rest of the
oven-cured specimens synthesized using relatively low calcium content FA which could
be noticed by the existed voids in their SEM images (Figure 5e).
The EDS spectrum of the unreacted and/or partially unreacted FA particles had
lower sodium content compared with the AAPs (Figure 6a) and also the unreacted and/or
partially unreacted FA particles could be visually seen in the SE images (Figure 5). The
EDS spectrum of the aluminosilicate gel with calcium had higher sodium and silicon
contents compared with the raw FA which indicated the corporation of the sodium and
silicon from the alkali activators with the raw FA to form aluminosilicate gel with calcium
(Figure 6b). The EDS spectrum of the hydration products had a maximal calcium presence
in the gel. As it is shown in Figure 5, the three products were detected in the five AAP
mixtures. The specimens where synthesized using the FA had a relatively low calcium
content were loss and less dense which could be noticed by the existed voids in their SEM
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images which were noted with letter “D” (Figures 5a and b), in addition, had higher
percentage of unreacted and/or partially unreacted FA. These results supported the
relatively low and high compressive strengths of C21 and C37, respectively.

(a)

(b)

(c)

(d)

(e)
Figure 5: EDS analysis of (a) FA21, (b) FA24, (c) FA26, (d) FA29, and (e) FA37.
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Figure 6: SEM of moist ambient-, dry ambient-, and dry oven- [170] cured AAP
specimens, respectively, synthesized using (a) FA21, (b) FA24, (c) FA26, (d) FA29, and
(e) FA37. (Note: A: unreacted or partially unreacted FA particles, B: aluminosilicate gel
containing calcium (C-N-A-S-H), C: pure hydration products (C-S-H/C-A-S-H), and D:
voids).
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(a)

(b)
Figure 7: EDS spectrums of AAP specimens of (a) unreacted or partially unreacted FA
particles (noted as A in SE images), (b) aluminosilicate gel containing calcium (C-N-AS-H) (Noted as B in SE images, (c) hydration products (C-S-H/C-A-S-H) (Noted as C in
SE images), and (d) aluminosilicate gel (N-A-S-H) (noted as E in SE images) [170].
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(c)
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(d)
Figure 7: EDS spectrums of AAP specimens of (a) unreacted or partially unreacted FA
particles (noted as A in SE images), (b) aluminosilicate gel containing calcium (C-N-AS-H) (Noted as B in SE images, (c) hydration products (C-S-H/C-A-S-H) (Noted as C in
SE images), and (d) aluminosilicate gel (N-A-S-H) (noted as E in SE images) [170]
(cont.).
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By comparing the SE images and EDS results of the represented specimens in this
manuscript that cured under the moist condition and the ambient temperature with those of
cured specimens at 70o C [170] by using the same mix design and same materials in both
cases, the following could be concluded. First, in both cases there were partially unreacted
FAs. Second, the main differences were the appearance of two different products, one for
each curing regime, which were hydration products (C-S-H/C-A-S-H) and pure
aluminosilicate gel (N-A-S-H). For the hydration products (C-S-H/C-A-S-H), to obtain on
these products, the curing at the ambient temperature is necessary they are similar to those
of OPC. For the pure aluminosilicate gel (N-A-S-H), this products only formed when an
elevated temperature was applied which agreed with that high temperature is essential for
the pure geopolymerization process (Figure 6d) [27]. Third, it could be seen that the
formation of the product that are could be considered as combination between the hydration
and geopolymerization: i.e. aluminosilicate gel containing calcium (C-N-A-S-H), was
formed in both cases.
3.3.2. XRD. Four compounds were found in all raw FAs including quartz (SiO2),
anatase (TiO2), periclase (MgO), calcium aluminum oxide (Ca9Al6O18) (Figure 7a).
Another calcium compound, Gehlenite (Ca2Al2SiO7), was also detected in FA24, FA29,
and FA37. For the FAs that had relatively high calcium content, i.e., FA26 through FA37,
calcium oxide (CaO) was also detected. For FA37 that had the highest calcium content,
Hatrurite (Ca3SiO5) compound was dominantly appeared in the XRD pattern.
Mixing and curing the AAPs led to reductions in the intensities of the different
crystalline compounds that were available in the raw FAs (Figure 7) indicating that part of
those crystalline compounds dissolved and formed new amorphous products. The
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reductions in the intensities of the different compounds increased with increasing the
testing age from 1 day to 28 days which explains the improvement in the compressive
strength of the different AAC specimens with time [170]. Furthermore, moist ambientcured specimens displayed the highest decrease in the intensities of the peaks of the
different compounds compared to specimens subjected to other curing regimes oven-cured
which explains the high compressive strengths of the moist ambient-cured specimens
(Figure 2). In addition, dry ambient-curing of specimens synthesized using relatively high
calcium content being 29%, and 37%, displayed a higher decrease in the intensities of
peaks of the different compounds compared with those of their oven-cured counterpart
which explains the higher compressive strength of the former specimens compared to the
later once (Figure 2).
A new compound, katoite (Ca2.93Al1.97(SiO4)3), was detected in the moist ambientand oven-cured specimens tested at age of 28 days. Katoite could be considered as a C-AS-H product due to the hydration process which was also detected in agreed the results of
EDS spectrums (Figure 6a) and can explain the relatively high compressive strength of the
moist ambient- and dry oven-cured specimens compared with those of dry ambient-cured
specimens (Figure 2). The peaks of the new formed compound “katoite” of the moist
ambient-cured specimens were higher than those of the oven-cured specimens which
explains the higher compressive strength of the moist ambient-cured specimens compared
with those of the oven-cured specimens (Figure 2).

116

(a)

(b)

(c)
Figure 8: XRD patterns of (a) raw FAs and AAPs synthesized using (b) FA21, (c)
FA24, (d) FA26, (e) FA29, and (f) FA37. (Note: (I) raw FA, (II) dry ambient-cured
AAPs tested at age of 1 day, (III) dry ambient-, (IV) moist ambient-, and (V) dry ovencured AAPs tested at age of 28 days.
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(d)

(e)

(f)
Figure 8: XRD patterns of (a) raw FAs and AAPs synthesized using (b) FA21, (c) FA24,
(d) FA26, (e) FA29, and (f) FA37. (Note: (I) raw FA, (II) dry ambient-cured AAPs tested
at age of 1 day, (III) dry ambient-, (IV) moist ambient-, and (V) dry oven-cured AAPs
tested at age of 28 days (cont.).
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3.3.3. TGA.
3.3.3.1. Mass drops at different temperatures. The formed compounds in the
different AAPs specimens were determined by measuring the mass loss using the thermal
gravimetric (TG) and derivative thermo-gravimetric (DTG) analyses (Figure 8).
The first peak was detected approximately at 70o-100o C which displayed a high
rate of mass loss due to evaporation of the free water, C-S-H, C-A-S-H and/or N-A-S-H
occurred in all AAPs samples. The mass drops at 140o C ranged from 11.21 to 14.22% for
the moist ambient-, 7.53 to 10.78% for the dry ambient-, and 7.23 to 9.34% for the dry
oven-cured [170] with averages mass drops at those temperatures (i.e., 70o-100o C) of
12.94%, 9.31%, and 8.23% for moist ambient-, dry ambient-, and dry oven-cured
specimens, respectively.
The relatively high mass drop of the moist ambient-cured specimens explained the
higher compressive strengths of those specimens compared with those of the dry ambientand dry oven-cured specimens. Where a higher mass drop at 140o C indicated a higher
percentage of formed reaction products, i.e. C-S-H/C-A-S-H/N-A-S-H which contributed
in a higher compressive strength.
The identification of a second peak with low mass loss at approximately 140o C in
the specimens was attributed to a further dehydration of the C-S-H/C-A-S-H gel [164, 182].
The appearance of the peaks at 140o C was detected with relatively high mass drop in the
moist ambient-cured specimens (Figure 8d) and with relatively low mass drop in the dry
ambient-cured specimens (Figure 8b). However, those peaks were not detected in the dry
oven-cured specimens (Figure 8f) [170].
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Peak 2
Peak 3 Peak 4
Peak 1

(a)

(b)

(c)

(f)
(e)
Figure 9: (a,c,e) Thermal gravimetric (TG) and (b,d,f) derivative thermos-gravimetric
(DTG) analyses of dry ambient-, moist ambient-, and dry oven [170]-cured AAPs
synthesized using five FAs, respectively.
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The mass drops at 140o C ranged from 3.07 to 4.16%, for the moist ambient-, 2.60
to 3.69% for the dry ambient-, and 2.46% to 2.92% for the dry oven-cured [170] specimens
synthesized using FA21, FA24, FA26, FA29, and FA37, respectively. This is an indication
for a higher hydration degree and higher contribution of the hydration products, Ca-rich
phases including C-S-H and/or C-A-S-H, when moist ambient-curing was applied.
Furthermore, the mass drop of the peaks at 140o C was the highest for the specimens
synthesized using FA having relatively high calcium content, FA37 and FA29, and
decreased with decreasing the calcium content of the FA then disappeared in the specimen
synthesized using FA having relatively low calcium content, FA21 (Figure 8d). This is an
indication for formation a more Ca-rich phases in specimens synthesized using FAs having
relatively high calcium content. Moreover, there was a shift in the temperature of those
peaks from 133 to 140o C for specimens for specimens synthesized using FA24 to FA37.
This may be associated with the incorporation of more Ca in the geopolymer gel forming
different phases such as C-N-A-S-H.

(a)
(b)
Figure 10: The mass drops at different temperatures of the different specimens
synthesized (a) different fly ashes and (b) cured differently.
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The identification of a third peak in the dry ambient- and dry oven-cured specimens
at 440o C was attributed to the presence of calcium hydroxide (Figure 8b and f) [183].
However, that peak was slightly observed in the moist ambient-cured specimens, except
for FA29, (Figure 8d). The mass drops at 440o C ranged from 0.33 to 0.86% for the moist
ambient-, 0.46 to 0.85% for the dry ambient-, and 0.40 to 0.81% for the dry oven-cured
[170] specimens synthesized using FA21, FA24, FA26, FA29, and FA37, respectively.
This was an indication of the pozzolanic reaction where the calcium hydroxide reacted with
the silica and alumina in the system forming more C-S-H and/or C-A-S-H which explained
the higher compressive strength of the moist ambient-cured specimens compared with
those of dry ambient- and dry oven-cured (Figure 2).
The identification of a fourth peak at 670o C was attributed to the presence of
calcium carbonate (Figure 8b, d, and f). Those peaks were more obvious in the moist
ambient-cured specimens which was an indication of formation of higher Ca-rich phases
that were carbonated during preparation process for testing those specimens comparing
with those of dry ambient- and dry oven-cured specimens. The mass drops at 670o C ranged
from 0.43 to 1.21% for the moist ambient-, 0.26 to 0.65% for the dry ambient-, and 0.28 to
0.45% for the dry oven-cured [170] specimens synthesized using FA21, FA24, FA26,
FA29, and FA37, respectively.
3.3.3.2. Effects of FAs and curing regimes. In conclusion, as shown in Figure 9a,
the total mass drop at temperature of 670o C of the average mass drop of the AAPs
synthesized using FA21, FA24, FA26, FA29, and FA37 were 13.28%, 14.13%, 14.22%,
15.46%, 15.44%, respectively. For the AAP’s samples, with increasing the calcium content
of the FA, the mass loss increased at the different temperatures due to more C-S-H/C-A-S-
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H were formed and subsequently more moisture was evaporated from the decomposed of
C-S-H (Figure 9a). Although, AAP synthesized using FA29 had lower calcium content
than that of FA37, it showed slightly higher mass drop. That was due to the higher
demanded W/FA of AAP synthesized using FA29 as explained earlier.
By comparing the TG and DTG results of the presented specimens in this
manuscript that cured under the moist condition and the ambient temperature with those of
cured specimens at 70o C [170], the average total mass drop of the moist ambient-, dry
ambient-, and dry oven-cured [170] AAPs were 17.88%, 13.69%, and 11.95%, respectively
(Figure 9b). With applying the dry ambient and moist ambient curing regimes, higher
amount of C-S-H/C-A-S-H was formed which could be seen by evaporating more moisture
from the decomposed of C-S-H/C-A-S-H.

4. FINDINGS AND CONCLUSIONS

The compressive strength of AAC mixtures synthesized using class C FAs cured at
the ambient temperature with (moist ambient curing) and without (dry ambient curing) high
relative humidity were studied and compared with those of a previous study that cured at
an elevated temperature of 70o C (dry oven curing) [170] in this paper. In addition, a
comparison between the microstructural analyses of the mixtures cured at those different
curing regimes. The following conclusions can be drawn from this investigation:
•

In case of high early strength (i.e., after 24 hours of curing) is not required, curing AAC
synthesized using FAs have relatively high calcium content is preferred to be at the
ambient temperature. However, in case of high early strength is required, curing at an
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elevated temperature is preferred to be applied on AAC synthesized using FAs have
relatively high calcium content.
•

The compressive strength of the AAC cured at the ambient temperature increased with
increasing the calcium content of the FA. However, that trend was the opposite when
the AAC cured at an elevated temperature of 70o C.

•

The compressive strength significantly increased from 1 to 7 days for dry ambient- and
moist ambient-cured specimens. Beyond 7 days, the rate of increase in the strength
decreased for the moist ambient-cured specimens, however, the dry ambient-cured
specimens showed approximately a constant strength. For the dry oven-cured
specimens, the strength was approximately constant after 24 hours of curing at 70o C.

•

SE images of the AAPs showed that AAC mixtures that were moist ambient-cured and
synthesized using relatively high calcium content displayed more compacted and less
porous matrixes compared with those of dry ambient-cured and low calcium content
which explains their relatively higher compressive strength. However, for the dry oven
cured mixtures, the synthesized mixtures using relatively low calcium FA showed
displayed more compacted and less porous matrixes compared with those of relatively
high calcium FA.

•

EDS spectrums of dry ambient-, moist ambient-, and dry oven-cured AAPs showed the
formation of aluminosilicate gel containing calcium (C-N-A-S-H). In addition, for the
dry ambient- and moist ambient- cured AAPs, showed the formation of hydration
products which had the calcium as the main element such as (C-S-H) and/or (C-A-SH), but the dry oven cured AAPs showed the formation of the pure aluminosilicate gel
(N-A-S-H).
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•

XRD patterns of the AAPs showed that the intensities of peaks of the different
compounds of all AAPs synthesized using the five FAs were decreased with increasing
the testing age and with changing the curing regime from dry ambient to moist ambient
curing which explains the improvement in the compressive strength of the different
AAC specimens with time. Also, the XRD patterns showed the appearance of C-SH/C-A-S-H products, i.e., Katoite for the moist ambient-cured specimens which
explains their relatively high compressive strength. However, the Katoite appeared
only in the AAPs synthesized using relatively high calcium when cured at an elevated
temperature of 70o C.

•

TG analyses showed that for dry ambient-, moist ambient-, and dry oven-cured AAPs
with increasing the calcium content of the FA, the mass loss increased at temperature
of 1000o C due to more C-S-H/C-A-S-H were formed and subsequently more moisture
was evaporated from the decomposed of C-S-H/C-A-S-H. The mass loss increased
form changing the curing from moist ambient to dry ambient to dry oven which showed
the formation of the hydration products the most in case of moist ambient curing.

•

Network ratio and number of constraints methods could be used as alternative
classifications for the conventional classification using the ASTM to determine the
reactivity of FAs in the high pH median cured at the ambient temperature which better
inform and enhance the use of FA as main precursor for AAC without scarifying
concrete performance.
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ABSTRACT

Sixty percent of existing USA bridges were constructed using conventional
concrete (CC), i.e., ordinary Portland cement (OPC)-based concrete. Due to aging and
changes in standards, many of these bridges require structural repair. To develop
engineering-sound repairs, the bond strength between the repair material and existing
structure needs to be investigated. This study investigated the bond strength between CC
and alkali-activated concrete (AAC) as a repair material using slant shear and pull-off tests.
The AACs were synthesized using five different class C fly ashes with different chemical
compositions and physical properties. The AAC was cured at an elevated temperature of
158o F for 24 hours. The bond interface surface is subjected to different types of stresses
during the service life of the repaired structure. Therefore, slant shear and pull-off tests
were performed to assess the bond strength between CC and AAC bond surfaces subjected
to compression-shear and direct tension, respectively. For the slant shear, three inclination
interface angles of 45o, 33.75o, and 22.5o were investigated. For the pull-off test, a bonding
adhesive and sandblasting were investigated. The slant shear results displayed that the
adhesion coefficient and the internal friction angle of the AAC repair ranged from 4.96 to
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6.94 psi and 24o to 35o, respectively. Furthermore, while the sandblasting improved bond
strength under the direct tension test, the bonding agent did not improve the bond strength.
Keywords: Class C fly ash, Alkali activated concrete, Repair, Bond strength, Oven curing,
Adhesion.

1. INTRODUCTION

Forty percent of the USA bridges are 50 years or older [184] and more than 27%
of USA bridges need to be repaired or replaced [86, 87]. Furthermore, there have been 178
million trips daily on average across a structurally deficient bridge in 2018 [185].
Furthermore, 60% of exiting USA bridges were constructed using conventional concrete
(CC), i.e., ordinary Portland cement (OPC)-based concrete [186]. Therefore, a significant
amount of concrete repair is required. Selecting suitable repair materials is an important
issue. The mechanical and durability incompatibilities between the substrate and repair
concrete can cause poor performance and early failure. The compatibility between the
repair concrete and the substrate is defined by the physical and chemical properties of the
two materials [187, 188].
Concrete repair materials can be divided into two categories: organic-based such as
epoxy resin which is not cost-effective for high-volume repairs [89] and inorganic-based
such as CC [87]. Using CC as a repair material may lead to interface failure due to large
autogenous shrinkage stress [189, 190]. Furthermore, CC is not environmentally friendly
[4, 6, 7, 148] and therefore more environmentally friendly options including alkaliactivated binder (AAB) have been developed [6, 11]. AABs consist of a precursor material
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rich in aluminosilicate such as fly ash (FA) that is activated using an alkaline solution.
Many precursors are byproducts, hence AABs have the potential to be more
environmentally friendly compared with OPC-based binders. Due to its availability and
lower cost compared with other precursors, fly ash (FA) has been widely used as a
precursor for AABs [191, 192].
The evaluation of the concrete-to-concrete bond was done mainly in two areas: the
bond assessment and bond enhancement. The concrete-to-concrete bond depends on two
factors: the frictional/interlocking actions and the cohesive/adhesive bonding [193, 194].
Bond strength can be assessed using different testing methods based on the state of
stresses exerted on the bonded area during the service life of the repaired structure [195].
For example, pull-off, direct tension, and splitting tensile tests apply tension stresses. The
bi-surface shear test applies shear stresses [195, 196]. The slant shear test applies shearcompressive stresses. The bond strength is a function in the test method with pull-off
displaying the lowest strength, followed by splitting, bi-surface shear, and slant shear tests,
respectively [195]. The bond is also sensitive to the roughness of the bond surface; wire
brushing and sandblasting significantly improved the roughness and hence the bond
strength [187, 194, 197, 198]. Increasing the concrete repair strength using fiber or ultrafine material such as silica fume improved the bond strength [187, 199-201].
Few studies have investigated the bond strength between CC and AABs. Both slant
shear tests and three-point bending tests of beams repaired using ambient cured class C
FA-based AAB, CC, and commercial repair material including various types of non-shrink
grout and polymer modified repair mortars showed that beams repaired using the AAB
behaved similarly to those repaired using commercial repair material and superior to those

136
repaired using CC [202, 203]. Furthermore, increasing the calcium content in the AAB
repair material using OPC and calcium hydroxide as a partial replacement, up to 15%, of
the FA, increased the bond strength between the AAB and CC by up to 85%. This occurred
due to the addition of the calcium source, which resulted in an increase in the reaction
products such as calcium silicate hydrate (CSH) which is a denser matrix that enhances the
bond strength [202, 203]. Similar behavior was also observed for specimens repaired using
class F FA-based AAB where the FA was partially replaced with granulated blast furnace
slag (GBFS) and the specimens were cured at an ambient temperature of 73o F [204].
AAB was used to repair steel H-piles. The bond stress between steel H-piles and
class C FA-based AAB jackets having different lengths was investigated [126]. Both
ambient and high temperature of 73 ± 3o F and 140o F were used to cure the test specimens.
The AAB systematically showed a 31% lower bond strength compared to that of the CC.
This occurred due to the AAB repelling water during the geopolymerization process; this
water formed a thin layer between the steel pile and the AAB jacket. Another parameter
that affects the bond between CC and AAC is the use of nano-SiO2 and nano-Al2O3 as
additives to the AAB. Using these nano-material additives with class C FA-based AAB
improved the bond strength between the AAP and CC as the nano-material resulted in a
denser matrix and increased reaction products [205].

1.1. CONTRIBUTION OF FLY ASH BASED ALKALI-ACTIVATED CONCRETE
IN THE PRODUCTION OF CLEANER CONCRETE
Given the fact that concrete is the 2nd most consumed substance in the world
behind water and that for every metric ton of cement produced, there is an equivalent metric
ton of CO2 emitted, there is a pressing need to use an alternative material that has a lower
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carbon footprint side by side with comparable or better performance than conventional
concrete. Using fly ash-based alkali-activated concrete, where 100% of the cement is
replaced by fly ash is one eco-friendly alternative toward cleaner construction [206]. The
state of Missouri is the 2nd largest consumer of coal for electricity generation in the USA
which generates more than three million tons of coal combustion residuals that go to 36
pond ash. The size of some of the used pond ash reaching 21 million yd3. Most of the used
coal in Missouri is subbituminous coal and hence generates class C FA. Therefore, this
study investigated class C FA-based AAB as a repair material for CC structures. Five
different type C FAs, having different chemical and physical properties, were used. The
bond strength was examined using slant shear and pull-off tests, which displayed the
highest and lowest bond strength values among the other approaches.

2. EXPERIMENTAL WORK

2.1. MATERIALS
2.1.1. Fly Ash. Five different types of FA sourced from five different power plants
located in Missouri, USA were used during the course of this study. The chemical
composition of each FA was determined (Table 1) using X-ray fluorescence spectroscopy
(XRF) per ASTM D4326-13 [207]. The FAs are classified as Class C per the ASTM C61815 classification [119], where the summation of the SiO2, Al2O3, and Fe2O3 of the FAs was
between 50% to 70%.
The nomenclatures of the fly ashes start with the letters “FA” for fly ash, followed
by the calcium content percentage. A surface area and pore size analyzer were used to
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measure the surface areas of the five FAs based on the Brunauer-Emmett-Teller (BET)
theory (Table 1). The surface area of the FAs ranged from 12200 x 103 to 33110 x 103
in3/lb.
Table 1: Chemical analysis and surface area of the FAs samples.
Chemical composition

aLOI:

SiO2
Al2O3
Fe2O3
Sum(SiO2 + Al2O3 + Fe2O3 )
CaO
MgO
Na2O
K2O
TiO2
P2O5
MnO
LOI*
Surface area (BET)
(in3/lb * 103)

FA37
(%)
36.9
14.0
3.52
54.4
37.0
4.80
1.62
0.62
0.87
0.70
0.03
0.50

FA29
(%)
37.9
17.4
3.67
59.1
28.8
8.00
1.85
0.39
1.17
0.71
0.04
0.82

FA26
(%)
42.3
17.9
4.73
64.9
25.9
4.74
1.58
0.56
1.44
0.89
0.04
0.12

FA24
(%)
40.4
17.5
4.72
62.7
24.1
9.39
1.17
0.48
1.40
0.79
0.02
0.62

FA21
(%)
43.9
20.1
4.96
69.0
21.2
4.29
2.87
0.70
1.36
0.51
0.05
0.40

21600

33110

12200

24110

24640

Loss on ignition

2.1.2. Alkali Activators. The alkali activator consisted of sodium silicate (SS)
solution (Na2SiO3) and sodium hydroxide (SH) solution (NaOH). The SS was obtained in
solution form with solid content (Na2SiO3) of 44.1% (w/w) while the water content was
55.9% (w/w). The SH was obtained in solid pellet form. A SH solution with a molarity of
10 M was prepared 24 hours prior to using it in concrete mixing to let the solution cool
down to room temperature.
2.1.3. Aggregates. Dolomite and river sand, having specific gravity values of 2.76
per ASTM C127-15 [134] and 2.60 per ASTM C128-15 [135], were used in this study as
the coarse and fine aggregates, respectively. Sieve analyses of both aggregates showed that
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the particle gradings were within the limits of ASTM C33-16 [130]. Both aggregates were
prepared in the saturated surface dry condition prior to concrete mixing.

2.2. SAMPLE PREPARATION
2.2.1. Mix Design. Seven mixtures, including five AAC and two CC mixtures,
were used during this study (Table 2). The two CC mixtures were designed to have a
compressive strength of 5000 psi with slightly different water and OPC content. The
nomenclatures of the AAC mixtures start with the letter “C” for a concrete followed by the
calcium content percentage of the FA that was used in that concrete mixture. For example,
C21 is an AAC synthesized using an FA21 which has a calcium content of 21%.
Table 2: Design of the concrete mixtures lb/yd3.
Mix

W/Ba

C21
C24
C26
C29
C37
CC1
CC2

0.36
0.36
0.36
0.39
0.36
0.54
0.50

aB:

Alkb/
FA
0.30
0.30
0.30
0.30
0.30
-

SS/
SH
1.0
1.0
1.0
1.0
1.0
-

CAc

Sand

FA

SS

SH

W

OPC

1616
1616
1616
1571
1616
1800
1833

1347
1347
1347
1347
1347
1500
1528

758
758
758
758
758
-

114
114
114
114
114
-

114
114
114
114
114
-

143
143
143
170
143
292
273

-

Binder being either FA or OPC; bAlk: Alkali; cCA: coarse aggregate

509
509

2.2.2. Casting, Curing, and Testing.
2.2.2.1. Slant shear specimens. The CC1 mixture, representing the substrate
material, was placed to fill one half of 4 x 8 in and 4 x 13.5 in cylinders (Figure 1). The
fresh concrete cylinders were then placed on wooden forms having three different angles
of 45o, 33.75o, or 22.5o (Figure 1). It is worth noting that there is no standard interface angle
for testing concrete repaired using concrete. However, there is a standard interface angle
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of 30o [208] for testing concrete repaired using epoxy. Generally, at least two interface
angles are required to develop a relationship between adhesion and friction angle for a
given material as explained later in this manuscript. This manuscript uses three different
interface angles where the values of these angles are not critical to develop such
relationship. Furthermore, the 45o was used as under pure compression load, the principal
shear stress is located at a 45o plane; therefore, the maximum shear demand occurred at the
interface section. Reducing the angles to other values will reduce the shear demand but
subject the section to a combination of shear and normal stress.
The 4 x 8 in cylinders were used for the 45o and 33.75o, while the 4 x 13.5 in
cylinders were used for the 22.5o. After casting the half-cylinders and while they were in
the plastic molds, they were stored in a moisture room having a relative humidity of 95 ±
5% for 28 days. Then, with no surface preparation, the AAC repair material was placed
against the CC1 specimens to fill the second half of each cylinder (Figure 1c). After two
hours of rest time, the cylinders were encased in plastic oven bags to prevent moisture loss
and placed in an electrical oven at a temperature of 158o F for 24 hours. This curing regime
was selected based on a prior study [209]. Then, the cylinders were demolded and left in
the laboratory temperature to cool down until the testing day.
For reference purpose, the CC2 mixture was used as a repair material for CC1
specimens. The reference specimens, while still in the plastic molds, were covered with a
top plastic lid to prevent moisture loss; then, after 24 hours the specimens were demolded
and placed in the laboratory at a room temperature of 73 ± 3o F for 28 days. That curing
regime was selected such that the CC1/CC2 specimens had a comparable dry curing regime
as the oven-cured CC1/AAC specimens. Mixture CC2 had a lower water content than CC1
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to obtain a compressive strength similar to that of CC1 at the testing age. Full-height
cylinders of each of the AAC and CC mixtures were cast as reference specimens to
compare their failure loads to that of the repaired cylinders.

(a)

(b)

(c)

(d)
Figure 1: (a) Slant shear specimens (in), (b) CC half-cylinder specimens having interface
angles of 22.5o, 33.75o, and 45o, (c) repaired specimens, and (d) stresses on a test
specimen during a slant shear test.
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The average compressive strength per ASTM C39-17 [136] of the three replicate
specimens are reported throughout this paper. The vertical load during the slant shear stress
produces normal (σn) and shear (τo) stresses on the interface surface (Figure 1d) which
result in one of the following modes of failure: 1) Compression failure of either the
substrate or repair material or a combination of them which occurs when the bond between
the substrate concrete and repair concrete is strong enough to transfer the full shear along
the inclined bond surface, 2) sliding failure at the interface surface between the substrate
and repaired materials, and 3) a combination of the previous two modes.
2.2.2.2. Pull-off specimens. CC1 was cast to fill one-half of the depth of each 6 x
6 x 24 in beam (Figure 2). Then, the specimens were cured for 28 days in the moisture
room, and the CC1 surface was prepared using either: 1) no treatment, 2) a commercial
bonding adhesive agent that meets ASTM C1059-13 [210] type I and II applied to the CC
surface, or 3) a sandblasting (Figure 2). The surface roughness of the specimens was
measured using a 3D scanner with a frequency of one million points per second. The tested
samples had a diameter of 4 in. The roughness of the two samples’ surfaces was measured
before and after 1) coating the surface of one sample with the bonding agent, and 2)
applying sandblasting treatment to the surface of the other sample.
The beams were repaired using AAC by casting the second halves of the test
specimens, and then the specimens were oven cured as discussed during the slant shear
testing section. Furthermore, reference specimens were prepared using CC1 and repaired
using CC2 mixture. The reference beams were subjected to ambient curing regime as
discussed earlier. Furthermore, full-depth AAC and CC beams were cast as reference
beams and were oven or ambient cured, respectively.
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(b)
(c)
(a)
Figure 2: Pull-off test specimens: (a) no surface treatment, (b) bonding agent, and (c)
sandblasting.
After curing the specimens, the specimens were left for 24 hours in the laboratory
at a temperature of 73 ± 3o F followed by wet drilling of six 1.8 in diameter and 4.5 in high
cores in each beam. The drilling depth passed the bonding surface between the substrate
and the repair material, so the bond strength could be tested. The beams were left to dry
for 24 hours after the wet drilling, and then aluminum disks were attached to the top of
each drilled core using a commercially available epoxy which sets in five minutes with a
bond strength of 3200 psi. After 24 hours of epoxy curing at the laboratory temperature,
the pull-off device was installed and leveled on top of the test specimen. Then, the pull-off
was applied with a maximum pulling speed of 0.183 in/minute until failure occurred in the
test specimen.
The following three individual modes of failure, or a combination of them are
expected to take place during a pull-off test (Figure 3): 1) tensile failure in the substrate or
repair material indicating that the bond between the repair and substrate materials is
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stronger than the tensile strengths of the repair and substrate materials, 2) bond failure at
the interface between the two materials indicating that the bond between the repair and
substrate materials is weaker than the tensile strengths of the repair and/or substrate
material, and 3) failure at the top surface of the repaired material indicating that the paste
of the repair material entraps water during the surfacing or curing process. Should failure
occur at the interface between the aluminum disk and repair material, the test would be
considered a failed test. The first and third modes of failure occur also in the full-depth
beams.

(a)
(b)
(c)
Figure 3: Potential modes of failure of pull-off test: (a) at the top surface of the beam, (b)
in top layer or bottom layer, and (c) at the interface between the two layers.
2.2.3. Scanning Electron Microscopy (SEM). The microstructure of samples cut
from the slant shear concrete cylinders at the interface joint between the two different
materials, using a diamond saw in wet condition, was examined using the SEM technique.
EDS was also carried out to determine the chemical composition of the reacted CC and
AAC and the bond between them. The elemental mapping was carried out to display the
concentration of the different elements in the sample. The investigated surface of each
sample was softly polished using 360, 800, and 1200-grit sandpaper. Thereafter, the
samples were oven dried at 104o F for 48 hours to remove any available water.
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3. RESULTS AND DISCUSSION

3.1. SLANT SHEAR TEST
3.1.1. Compressive Strength. The compressive strengths of the CC1 and CC2
were 5190 and 5050 psi, respectively. For the AAC, compressive strengths ranging from
3690 to 4890 psi were obtained. As shown in Figure 4, the AAC specimens synthesized
using FAs that had relatively lower calcium content, i.e. C21 and C24, displayed an average
18% higher compressive strength than the average of those synthesized using FAs that had
relatively higher calcium content, i.e. C26, C29, and C37. Therefore, the calcium content
had a negative effect on the compressive strength of the AAC cured at elevated
temperature. The possible phases that form in the AAC mixtures synthesized using high
calcium FA are calcium silicate hydrate (CSH), calcium aluminate silicate hydrate
(CASH), and sodium aluminate silicate hydrate (NASH) due to hydration and
geopolymerization mechanisms [139]. Calcium, silica, and alumina in FA can hydrate at
ambient temperature forming CSH and/or CASH. When adding alkali solution to FA at
elevated temperature a geopolymerization process takes place, forming networks of
mineral molecules connected by covalent bonds [49, 100]. However, the presence of
calcium interferes in the geopolymerization process, reducing the compressive strength of
the AAC.
Figure 4a shows the strengths of the repaired and full-height cylinders. Figure 4b
shows the strengths of the repaired cylinders normalized by the lower compressive strength
of the repair or substrate material obtained from testing the corresponding full-height
cylinders, i.e., 4 x 8 in or 4 x 13.5 in. Hereinafter, the average compressive strength of a
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full-height cylinder for a given mixture is called f’cf while those of the repaired specimens
will be called f’cr.

(a)
(b)
Figure 4: (a) Compressive strength of the repaired and full-height specimens, and (b) fullheight normalized compressive strength of the repaired specimens.
As shown in Figure 4, repairing CC using AAC was quite successful, and the AAC
repair developed an adequate bond with the substrate CC material that was similar to or
greater than that of the CC2. For the specimens that had a 45o interface joint, the AAC
repaired specimens developed an average of 96.6% f’cf with an average standard deviation
and a coefficient of variation of 285 psi and 6.8%. For the specimens that had a 33.75o
interface joint, the AAC repaired specimens developed an average of 78.1% f’cf with an
average standard deviation and coefficient of variation of 319 psi and 9.7%. This occurred
due to the sliding between the repair and substrate material becoming more pronounced.
For the specimens that had a 22.5o interface joint, the AAC repaired specimens developed
an average of 69.0% f’cf with an average standard deviation and coefficient of variation of
210 psi and 7.3%.
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C21

C24

C26

C21

C24

C26

C21

C29

(a)

(b)

C24

C29

C37

CC2

C29

C37

CC2

C26

C37
CC2
(c)
Figure 5: Failure modes of the repaired cylinders having inclined surface angles of (a)
45o, (b) 33.75o, and (c) 22.5o.
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Three modes of failure were observed based on the interface joint angle (Figure 5).
A compression failure of either the substrate or repair material or a combination of them
(Figure 5a), a combination of sliding along the interface joint and compression failure
(Figure 5b), and sliding along the interface joint (Figure 5c) for the specimens that had an
interface angles at 45o, 33.75o, and 22.5o, respectively. With a decrease in the angle of the
interface joint  (Figure 1d), the imposed shear stresses at the interface joint increased
while the normal stresses decreased, leading to sliding of the two parts of the cylinders on
top of each other and the failure mechanism changing from a compression failure to a
sliding failure.
3.1.2. Adhesion and Friction. The normal (𝜎𝑛 ) and shear (𝜏𝑛 ) stresses acting on
the interface surface between the substrate and repaired materials were calculated using
Eqs. (1) and (2), respectively (Figure 6) [211, 212].
𝜎𝑛 = 𝜎˳ sin2 (𝜃)
1

𝜏𝑛 = 2 𝜎˳ sin (2𝜃)

(1)
(2)

where σ˳ is the applied vertical stress on a specimen.
When decreasing the interface angle from 45o to 22.5 o (Table 3), both the 𝜎𝑛 and
𝜏𝑛 decreased due to the decrease in the failure vertical load and the increase in the interface
area which triggered sliding failure. Under a lower 𝜎𝑛 , the friction stresses decreased and
hence the bond between the substrate and repaired materials relied mainly on the adhesion
instead of friction between the surfaces of the two materials. For specimens having a 45o
interface angle, 𝜎𝑛 varied from 1770 to 2325 psi and 𝜏𝑛 varied from 1770 to 2325 psi while
specimens having interface angles of 33.75o and 22.5o displayed 𝜎𝑛 of 1040, and 435 psi
and 𝜏𝑛 of 1555, and 1050 psi, respectively.
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(a)
(b)
Figure 6: (a) Normal and (b) shear stresses acting on the interface surfaces of the repaired
specimens.
The 𝜏𝑛 can be expressed as a function in 𝜎𝑛 , the adhesion coefficient (c), and the
friction coefficient (µ) using Eq. (3) [211, 212].
(3)

𝜏𝑛 = µ 𝜎𝑛 + 𝑐
Table 3: Adhesion and friction coefficients of the different mixtures.
Mix
C21
C24
C26
C29
C37
CC

Friction
Coefficient
(µ)
0.68
0.70
0.65
0.45
0.57
0.69

Adhesion
Coefficient (c)
(psi)
751
719
796
1007
919
756

The experimental results closely followed Eq. 3 (Figure 7) with R2 ranging from
0.94 to 1.00. The measured adhesion coefficients were 751, 719, 796, 1007, 919, and 756
psi for mixtures C21, C24, C26, C29, C37, and CC2, respectively (Table 3). The friction
coefficients were 0.68, 0.70, 0.65, 0.45, 0.57, and 0.69 corresponding to internal friction
angles (φ) of 34o, 35o, 33o, 23o, 30o, and 35o for mixtures C21, C24, C26, C29, C37, and
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CC2, respectively. Considering the results of all AAC mixtures, the average adhesion
coefficient was 838 psi and average friction coefficient was 0.61. It is worth noting that the
ACI 318 proposed a coefficient of friction of 1.0 for the roughened 0.24 in profile. The
values reported in this study were lower than those values as the interface surface did not
have any treatment prior to placing the repair material.

Figure 7: Relationship between the normal and shear stresses of the tested specimens.
The effect of the FA source presented in the form of calcium content on the adhesion
coefficient and internal friction angle are presented for the AAC mixtures in Figure 8. As
shown in the figure, an increase in the calcium content of the FA increased the adhesion
coefficient and decreased the internal friction angle. An increase in the calcium content of
the FA leads to the formation of CSH and/or CASH along with the geopolymer network.
The CSH and/or CASH products filled the voids of the geopolymer matrix resulting in a
lower porosity paste, which strengthened the bond between the paste and the coarse
aggregate particles and led to a strong interfacial transition zone (ITZ) [49, 213]. Therefore,
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higher adhesion coefficient values were obtained with an increase in the calcium content.
More details about forming CASH at the interface surface between the substrate and
repaired materials were discussed in the SEM/EDS section in this paper. Similarly, mixture
C29, synthesized using FA29, which had the highest surface area, displayed the highest
adhesion and lowest friction coefficients. The very fine particles of FA29 filled all the
voids on the surface of the substrate material and hence displayed higher adhesion among
the other mixtures. The correlation between the calcium content of the FA and both the
adhesion coefficient and the internal friction angle displayed R2 of 0.89 and 0.88,
respectively, in the case of excluding mixture C29 (Figure 8). However, in case of
considering C29, the R2 decreased significantly.

(b)
(a)
Figure 8: Relationship between the normal and shear stresses of the different mixtures.

3.2. PULL-OFF TEST
3.2.1. Failure Modes. Figure 9 and Table 4 summarize the failure modes of the
investigated beams. For the full depth beams, 90% of the AAC cores failed due to pull-off
while 10% failed at the top surface of the AAC. Furthermore, 100% of the CC cores failed
due to pull-off. The repaired beams, however, displayed different failure modes. Beams
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that had no surface treatment and those having bonding adhesive displayed interfacial bond
failure between the two materials. AAC-repaired beams with sandblasted surface
preparation displayed superior performance with 80% of the cores failing within the CC1
substrate material while 10% failed within the AAC repair material, and the remaining 10%
failing at the top AAC surface.

(a)
(b)
(c)
(d)
Figure 9: Failure modes of the reference and repaired specimens: (a) in the substrate
CC1, (b) at the interface between the two materials, (c) in the repair material, and (d) at
the top surface.
Table 4: Percent of failure modes of the different mixtures.
Mix
C21
C24
C26
C29
C37
CC

Percent of failure modes of the tested the pull-off specimens
Repaired specimens
Full-depth
With bonding With sandblasting
specimens
With no treatment
agent treatment
treatment
100% A
100% C
100% C
100% E
100% A
100% C
100% C
100% E
100% A
50% C and 50% D
100% C
50% D and 50% E
100% A
50% B and 50% C
100% C
50% B and 50% E
50% A and 50% B
100% C
100% C
100% E
100% A
100% C
N.A.
N.A.

A: Pull-off failure
B: Failure at the top surface
C: Failure at the interface surface
D: Failure at the AAC repair material
E: Failure at the substrate material
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(a)

(b)

(c)
Figure 10: (a) Pull-off load of the repaired and full-depth beams, (b) full-depth
normalized pull-off load of the repaired specimens, and (c) CC normalized pull-off load
of the repaired specimens.
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3.2.2. Failure Loads. Figure 10a shows the failure loads of the tested beams.
Figure 10b shows the pull-off strength of the repaired beams normalized by the pull-off
strength of the corresponding full-depth beams. Figure 10c shows the pull-off strength of
the AAC-repaired specimens normalized by the pull-off strength of the CC2/CC1 repaired
specimen.
3.2.2.1. No surface treatment. In the case of no surface treatment, the AAC repair
outperformed the CC2 repair with the failure loads of the AAC repaired beams ranging
from 53% to 88% with an average of 68% of that of the full-depth beams, an average
standard deviation of 61 lb, and coefficient of variation of 16%. For the CC2 repaired beam,
the average failure load was 58% of that of the CC1 full-depth beam with an average
standard deviation of 51 lb and a coefficient of variation of 11.3%. However, neither the
CC2 nor the AAC repair was able to develop bond strength equal to that of the
corresponding full-depth beams (Figure 10).
For AAC prepared using a relatively high calcium content, i.e., mixtures C26, C29,
and C37, the AAC repair was capable of achieving performance similar to or better than
that of the CC repair (Figure 10a). The CC-normalized AAC repair strength for these three
mixtures had an average of 109% with a standard deviation of 75 lb and COV of 15.4%,
while AAC repair prepared using mixtures C21 and C24 displayed a less successful
performance reaching only an average of 54% with a standard deviation of 40 lb and COV
of 16.3%.
The AAC specimens synthesized using FAs that had relatively higher calcium
content displayed higher direct tensile, i.e. pull-off, strength for both repaired and fulldepth beams (Figure 10c). As it is discussed earlier, the high calcium content in the FA
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leads to the formation of CSH and/or CASH along with the geopolymer network. The CSH
and/or CASH products filled the voids of the geopolymer matrix, resulting in a lower
porosity paste which strengthened the bond between the paste and the coarse aggregate
particles leading to a stronger interfacial transition zone (ITZ) [49, 213]. Therefore, high
pull-off strengths were obtained for the AAC synthesized using FAs that had relatively
higher calcium content.
3.2.2.2. Bonding agent. Coating the surfaces of the substrate material with an
adhesive weakened the bond strength of all repaired beams (Figure 10). Thermal curing of
the repaired beams broke the chemical bond of the concrete bonding adhesive, and it
worked as a bond breaker. Moreover, as shown in Table 5 and Figure 11, the roughness of
the substrate material’s surface decreased by 38% after coating the surface with the
bonding agent, which decreased the contact surface area and subsequently resulted in lower
bond strength between the substrate and repair materials. The failure loads of the repaired
beams ranged from 14% to 51%, with an average of 29% of that of the corresponding fulldepth beams and an average standard deviation and coefficient of variation of 29 lb and
21%, respectively.
Table 5: Roughness of test specimens before and after applying the surface treatment.

Treatment
Roughness
(in x 10-3)

Before
applying
bonding
agent
treatment

After
applying
bonding
agent
treatment

Before
applying
sandblasting
treatment

After
applying
sandblasting
treatment

10.04

6.24

9.00

14.44
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(a)

(b)

(c)
(d)
Figure 11: Roughness of test specimens: (a) before and (b) after coating with bonding
agent, and (c) before and (d) (after) applying sandblasting treatment.

3.2.2.3. Sandblasting. Applying sandblasting as a surface treatment had a positive
effect on the bond strength (Figure 10). Applying the sandblasting increased the roughness
by 60% (Table 5 and Figure 11). The sandblasted beams displayed the highest bond
strength values compared with the other beams. The repaired beams displayed higher
strengths than those of the full-depth beams. The failure loads of the repaired sandblasted
beams ranged from 129% to 252% with an average of 173% of that of the corresponding
full-depth AAC beams with an average standard deviation and coefficient of variation of
60 lb and 7%, respectively. The higher strength can be explained as follows. While water
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is essential for workability, it is not fully consumed, as the geopolymerization repels
significant portion of that water back, per Eqs. 1 and 2 [11]. In the case of placing the AAC
on the sandblasted CC surface, the sandblasting increased the surface roughness and
porousness (Table 5 and Figure 11); therefore, during the geopolymerization process, the
water repelled from the AAC concrete [214] was absorbed by the substrate material, i.e.,
CC1. The absorbed water and thermal curing of the repaired beams improved the hydration
process of the substrate CC1 material increasing its strength compared to that of the CC
full-depth beam. Furthermore, when the AAC repair lost the repelled water to the substrate
material it became stronger compared to the AAC full-depth beams. Additionally, the
surface of a CC is calcium hydroxide (Ca(OH)2) rich [89, 202], the roughened surface of
the CC1 having high Ca(OH)2 (due to the increased surface area) which reacted with the
silica and alumina from the FA, forming CSH and/or CASH, which resulted in a strong
bond strength between the two materials.

( Si2 O5 , Al 2 O2 ) n + 3nH 2 O ⎯NaOH
⎯ ⎯/ KOH
⎯
⎯→ n(OH ) 3 − Si − O − Al − (OH ) 3
n

(OH ) 3 − Si − O − Al − (OH ) 3 ⎯NaOH
⎯ ⎯/ KOH
⎯
⎯→(− SiO − O − Al − O − O−) n + 3nH 2 O

(4)
(5)

3.3. SEM AND EDS
The bond between the CC and AAC was examined using the SEM (Figure 12). For
all specimens except for C29 (Figure 12d), there was no cracking at the bond zone;
however, randomly distributed cracks occurred during the specimens’ preparation. C29
(Figure 12d) displayed, however, a significant crack between the CC and AAC. The
authors believe that this crack formed in the original specimen but was enlarged during
preparation of the specimen for the SEM testing. The existence of this crack can explain
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the low friction values that were obtained for this mixture during the slant shear test.
Furthermore, the ratio of the Ca/Si at the ITZ for this specimen was the highest among all
specimens, reaching a value of approximately seven. This high value confirms the high
adhesion that was observed for this specimen. FA 29, used to synthesize C29, had a surface
area that was approximately double the other FAs and hence required high W/FA to display
workability similar to the other specimens. Such extra water was repelled during the
gepolymerization process, as explained earlier in this manuscript, and used by the CC for
hydration which resulted in higher strength and adhesion as shown by the high ratio of
Ca/Si [215].
For each specimen, the reaction products at the CC and AAC sides as well as at the
interface surface between them was examined. For example, Figure 13 shows the SEM
images, as well as the elemental mapping, obtained using the EDS scan of the specimens
repaired using C26. The bond zone was also enlarged approximately 3 times and presented
in Figure 13b. The quantification of the different chemical elements along the bond region
is also presented in Figure 13c. As shown in the elemental line scan (Figure 13c), the
chemical elements in the transition zone changed gradually. The concentration of Ca was
quite high on the CC side, due to the existence of the OPC which hydrated and formed
CSH. It decreased gradually from the CC side to the AAC side while the Si, Al, Na, Fe,
and Mg increased from the CC side to the AAC side due to the geopolymerization process
in the AAC from to the formation of CASH and NASH. In addition, the Si/Al was lower
in the bond area and AAC than that of CC (Figure 13c). Similar results were obtained for
all specimens, and the ratios of the main elements being Ca/Si and Si/Al are presented in
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Figure 12; however, for the sake of brevity, the comprehensive elemental analysis for each
specimen is not presented in this manuscript.

Figure 12: SEM of the repaired AAC specimens and CC specimen.
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Figure 13: SEM and EDS of the bond region: (a) elemental mapping, (b) enlargement of
the elemental scan line in SEM image, and (c) an elemental line scan.
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4. FINDINGS AND CONCLUSIONS

This manuscript presents the results of slant shear and pull-off tests that were
carried out to characterize the bond strength between the CC as a substrate material and
AAC as a repair material. The bond between CC as a substrate material and CC as a repair
material was also investigated as a reference. In addition to the slant and pull-off tests,
compression load tests were carried out on full-height AAC and CC specimens. Pull-off
tests were also carried out on full-depth AAC and CC beams. SEM/EDS analysis was
carried out to investigate the interface joint between the substrate and repair materials. The
following statements can be concluded:
•

The results of the slant shear test were affected by the interface bond angle. At an
angle of 45o, a compression failure occurred with only an average of 3.4% decrease
in the failure strength of the repaired specimens compared to those of the full-height
specimens. However, for smaller interface bond angles, sliding along the interface
joint and/or compression failures occurred.

•

The adhesion coefficient increased with an increase in the calcium content of the
FAs. The average coefficient of friction and internal friction angle of the AAC
repair were 0.61 and 31o, respectively.

•

The SEM/EDS results showed the formation of CSH and/or CASH at the interface
joint which resulted in a strong bond between the substrate and repair materials.

•

The prominent mode of failure of the repaired beams that had no treatment or
bonding agent was at the interface joint between the substrate and repair materials.
This occurred whether the repair was carried out using CC or AAC.
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•

Surface treatment, such as sandblasting, improved the bond strength between the
repair and substrate material significantly. However, applying a concrete bonding
adhesive weakened the bond.

•

The pull-off strengths of the repaired beams (whether the repair was carried out
using CC or AAC) were less than that of the full-depth beams, except for the
sandblasted beams which displayed strengths higher than those of the full-depth
beams and triggered the failure to be in the substrate material or the AAC repair
material, rather than at the interface joint between them.

•

AAC synthesized using FAs that had relatively high calcium content displayed
higher pull-off strengths than those with relatively low calcium content.
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V. INTERFACE BOND STRENGTH FOR REPAIR OF ORDINARY PORTLAND
CEMENT CONCRETE AND AMBIENT-CURED ALKALI-ACTIVATED
CONCRETE

Eslam Gomaa, Ahmed Gheni, Mohamed ElGawady
Department of Civil, Architectural, and Environmental Engineering, Missouri University
of Science and Technology, Rolla, MO 65409

ABSTRACT

In this paper, alkali-activated concrete (AAC) mixtures synthesized using five
different class C fly ashes (FAs) were used as a repair material for structures constructed
using conventional Portland cement concrete (CC). The bond strength between ambientcured AAC and CC was evaluated using slant shear and pull-off tests. Three inclination
angles of 45o, 33.75o, and 22.5o were examined during the slant shear test. For the pull-off
test, no surface treatment, bonding adhesive treatment, or sandblasting surface treatment
were applied to the CC substrate before applying the ACC repair. Full-height cylinders and
full-depth beams were also tested as references for comparison purposes. Repairing CC
using AAC yielded results similar to those of repairing CC with CC. Using the slant shear
test at different angles, the average adhesion between the CC and AAC was found to be
5.8 MPa with a slight increase when increasing the calcium content in the precursor. The
average coefficient of friction of the repaired specimens was approximately 0.64. The pulloff test results were sensitive to the surface treatment with sandblasting, which yielded the
highest direct tensile strength. The direct and indirect tensile strengths were also
analytically correlated to the adhesion from the slant shear test. The SEM results displayed
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new products such as calcium aluminate silicate hydrate (CASH) at the interface surface,
and no sign of visible gap between the substrate and repair materials: i.e., CC and AAC,
was observed.
Keywords: Class C fly ash, Alkali-activated concrete, Repair, Bond strength, Ambientcuring.

1. INTRODUCTION

Strengthening of concrete structures is a concern worldwide due to aging
infrastructure and over-loading. It was estimated in 2012 that strengthening the USA’s
infrastructure would cost about $1.6 trillion USD over the next five years [86, 87].
Therefore, finding a cost effective and efficient concrete repair material is necessary.
Alkali-activated concrete (AAC) has been emerging as a material for the construction and
repair of infrastructure. The binder in AAC consists of aluminosilicate-rich materials such
as fly ash (FA) that is polymerized forming a three-dimensional network structure using an
alkaline solution [11, 203].
FA is a byproduct of coal combustion in power plants and is classified into class C
and class F [119]. Class C FA has a relatively high calcium content compared to class F
FA. Class C and class F have been used as precursors for ambient-cured and thermal-cured
AAC, respectively [25, 47, 123, 216-219]. Compared to ordinary Portland cement (OPC)based concrete (hereafter conventional concrete CC), the use of AAC results in a reduction
in the CO2 emissions, energy consumption, and consumption of virgin materials used
during manufacturing. Therefore, AAC represents a potential environmentally friendly
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repair material. AAC is also a more cost-effective option for large-volume repair
applications compared to non-shrinkage options such as epoxy. However, there is a limited
number of studies on the use of AAC as a repair material [89, 202-205, 212, 220-223].
Two of the key requirements of a repair material are a good bond strength and
compatibility between the existing and repair materials [87]. The bond strength between
two surfaces depends on the friction and adhesion between the two surfaces [187, 193, 194,
197, 198]. Furthermore, different bond assessment testing methods (e.g., slant shear,
splitting tensile, pull-off) yield different bond strength values as each testing method
imposes different types of stresses on the interface surfaces [195, 196]. The slant shear test
applies a combination of compression and shear stresses. Splitting tensile and pull-off tests
apply indirect and direct tension stress, respectively. The adhesion strength between
concrete surfaces, obtained from the slant shear test, was found to be 2.0 to 2.8 that of the
tensile strengths obtained from the pull-off or splitting tests [224-226]. Selecting the most
appropriate testing procedure depends on the anticipated stresses on the repaired element
during its service life.
The bond between different forms of alkali-activated (AA) materials and CC has
been investigated using slant shear [89, 202-205, 212, 220], bending [202, 223], direct
tensile [221], splitting tensile [220], and pull-off tests [222, 223]. Repair of CC using either
alkali-activated paste (AAP) or mortar (AAM) synthesized using class C FA, class F FA,
and metakaolin displayed higher bond strength than that of CC [202, 203, 221].
Incorporating a source of calcium, in the form of OPC or calcium hydroxide, into FA-based
and metakolin-based AA material improved the bond strength with CC compared to the
reference AA material [202-204, 221], and it yielded a comparable bond strength to general
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purpose non-shrink grout mortar, high performance repair mortar, fiber-reinforced nonshrink mortar, multi-purpose non-shrink grout, and polymer modified repair mortar;
although, the non AA generally had higher costs [202, 203]. Adding extra calcium
increased the formation of calcium silicate hydrate (CSH), and calcium aluminate silicate
hydrate (CASH), which increased the bond strength. More recently, researchers
incorporated nano-SiO2 and nano-Al2O3 into class C FA-based AAP, which resulted in a
denser mixture and increased the bond strength, as the added nano material increased the
reaction products by forming additional CSH, CASH, and/or sodium aluminate silicate
hydrate (NASH) [205]. Furthermore, slag-based AA mortar had less bond strength than
class F FA or metakaolin-based mortars [222].
Thermal and mechanical compatibilities between AAC and CC are other factors
that need to be considered for successful implementation of a repair project. AAC displays
comparable mechanical properties to those of CC [168, 217]. Furthermore, shrinkage,
including autogenous and drying, is another crucial factor for mechanical compatability,
and high shrinkage may lead to repair interface failure [189, 190]. Shrinkage in AAC
significantly depends on the precursor, alkaline solution, and curing regiem. For example,
the autogenous shrinkage in CC is significant and occurs due to the self-desiccation of
concrete, while in FA, class F-based AAC autogenous shrinkage is minimal and occurs due
to the continuous reorganization and polymerization of the gel structure [227, 228]. In slagbased AAC, high autogenous shrinkage was reported due to the high capillary pressure
caused by self-desiccation linked to high degree of hydration [229]. There has been no
studies on autogenous shrinkage of class C-based AAC.
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The drying shrinkage happens due to evaporation of the internal water to the
external environment. For class F-based AAC, the drying shrinkage is less than that of CC
when lower W/FA was used compared with that of W/C [28, 46, 228]. Slag-based AAC
showed a high percentage of pores in the mesopore range which resulted in high capillary
tensile forces which resulted in higher drying shrinkage than that of CC [230, 231]. For
class C FA-based AAC, the curing regime has a significant impact on drying shrinkage.
Early exposure to a drying environment without adequate curing resulted in high drying
shrinkage; otherwise low drying shrinkage occurs [232].
A limited number of studies investigated the bond between CC and alkalineactivated binders. Generally, those studies focused on a single-source FA as well as either
mortar or paste used for the repair. This manuscript presents a comprehensive investigation
to characterize the bond strength of CC and AAC synthesized using class C FAs sourced
from five locations having different chemical and physical properties. For example, the
calcium content in the sourced FAs ranged from 21% to 37% of the total weight of the FA.
The bond strength was evaluated using slant shear and pull-off tests on concrete elements,
rather than paste or mortar. The former bond strength represents the upper bound while the
later represents the lower bound bond strength [195].
The slant shear tests were carried out on cylinders having inclination angles ranging
from 22.5o to 45o. Microstructural analyses at the interface surface between the AAC and
CC were also carried out to provide an in-depth understanding of the chemical products
that were formed, which can explain the development of the bond between the two
materials.
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2. EXPERIMENTAL PROGRAM

2.1. MATERIALS
This study used class C [119] FAs sourced from five different power plants located
in the State of Missouri, USA, as the precursors (Table 1). The FA notations consist of
“FA” followed by the percentage of calcium content in that FA since the calcium content
is an important parameter in determining the properties of AAC mixtures. The surface area
of the FAs ranged from 1446 to 3124 m2/kg with FA26 and FA29 having the lowest and
highest surface areas, respectively (Table 1). A pycometer, was used to measure the
specific gravity of the FAs in accordance with the ASTM C604-12 [233]. The specific
gravity of the FAs ranged from 2.70 for FA26 to 2.97 for FA37 (Table 1). Type I ordinary
Portland cement (OPC) was used as the binder for the CC.
Table 1: Chemical Composition of FAs Using X-ray Fluorescence (XRF).
Oxides*
FA
FA21
FA24
FA26
FA29
FA37

*

SiO2 Al2O3 Fe2O3
(%)
(%)
(%)

CaO
(%)

MgO
(%)

Na2O
(%)

LOI
(%)

43.9
40.4
42.3
37.9
36.9

21.2
24.1
25.9
28.8
37.0

4.29
9.39
4.74
8.00
4.80

2.87
1.17
1.58
1.85
1.62

0.40
0.62
0.12
0.82
0.50

20.1
17.5
17.9
17.4
14.0

4.96
4.72
4.73
3.67
3.52

*Thermo Scientific ARLTM Quantx spectrometer was used
** Nova 2000e, from Quantachrome Instruments was used

Surface
area**
(BET)
m2/kg
2921
2858
1446
3925
2560

Specific
gravity
2.82
2.89
2.70
2.89
2.97

Dolomite and Missouri river sand, having specific gravity values of 2.76 and 2.60,
respectively, were used as the coarse and fine aggregates in this study. The aggregates were
prepared in a saturated surface dry condition prior to using them. The particle size
distribution of both coarse and fine aggregates were within the acceptable limits of ASTM
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[130], respectively. The coarse and fine aggregates have a fineness modulus of 2.37 and
6.82, respectively.
The alkali activator solution consisted of sodium silicate (SS) and sodium
hydroxide (SH). The SS (Na2SiO3) had a Na2O content of 14.7%, SiO2 content of 29.4%
and H2O content of 55.9% by weight. The SH was in solid pellet form. At the room
temperature of 23 ± 2o C, the SH liquid was prepared to have a molarity of 10M by mixing
314 gm of the SH solid pellets with 686 gm of distilled water.

2.2. MIXTURE PROPORTIONS
One AAC mixture for each FA and one CC mixture (Table 2) were prepared during
the course of this study. The water-to-FA (W/FA), alkaline-to-FA (Alk/FA), and SS/SH
were selected based on a comprehensive trial mixtures [218]. Mixture C29 had the highest
W/FA due to the high surface area of FA29 that required a higher W/FA to display a
comparable workability to the other AAC mixtures. The average slump of the AAC
mixtures was approximately 200 mm (Table 2). The CC mixture’s proportions were
selected to achieve a 28-day compressive strength comparable to that of the AAC mixture.
As a result, the workability of the CC mixture, 165 mm, was slightly lower than that of the
average workability of the AAC mixtures. The AAC mixtures’ notations start with the
letter C followed by the calcium content of the corresponding precursor.

2.3. MIXING PROCEDURE
For the AAC, the coarse and fine aggregates were mixed in a gravity mixture for a
minute followed by adding the FA and mixing with the aggregates for another minute.
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Then, the water was added gradually over one minute. The SS and SH were mixed together
and added to the mixture over 5 minutes. Finally, the entire mixture was mixed for another
five minutes. The CC was mixed following ASTM C192-16 [133].
Table 2: Mixture Proportions.

*

Mixture
W/B*
Alk/FA
SS/SH
Dolomite (kg/m3)
Sand (kg/m3)
FA (kg/m3)
OPC (kg/m3)
SS (kg/m3)
SH (kg/m3)
W (kg/m3)
Slump (mm)

C21
0.36
0.30
1.0
959
799
450
67.5
67.5
85.1
215

B: Binder; which is either FA or OPC

C24
0.36
0.30
1.0
959
799
450
67.5
67.5
85.1
215

C26
0.36
0.30
1.0
959
799
450
67.5
67.5
85.1
215

C29
0.39
0.30
1.0
932
775
450
67.5
67.5
100.8
215

C37
0.36
0.30
1.0
959
799
450
67.5
67.5
85.1
175

CC
0.54
1068
890
302
173
165

2.4. BOND EVALUATION TESTING
The bond strength between ACC and CC was evaluated using slant shear and pulloff tests. The slant shear test applies a combination of compressive and shear stresses onto
the interface surface while the pull-off test applies a direct tensile stress to the interface
surface.
2.4.1. Slant Shear Test. Cylinders having a diameter of 100 mm and two different
heights of 200 mm and 337.5 mm were casted for the slant shear specimens (Figure 1). The
CC mixture was placed to fill one half of each of the cylindrical molds, which were placed
on inclined wooden forms in order to have CC top surfaces at 45o, 33.75o, and 22.5o,
respectively. The 200 mm high cylinders were used for specimens having inclination
angles of 45o and 33.75o, while the 337.5 mm high cylinders were used for specimens
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having an inclination angle of 22.5o as the height of 200 mm was not enough to achieve
the required angle of 22.5o. Those inclination angles were selected to cover a wide range
of normal and shear stresses to the interface surface for a better understanding of the bond
behavior. The 45o interface angle was selected because it applies the highest shear stresses
at the interface surface (Figure 2). The 33.75˚ was selected to be close enough to the
theoretical critical bond angle [234], and 22.5˚ was selected considering the potential
reduction in the critical bond angle due to surface roughness. The critical bond angle is
defined as the angle at which the bond failure load is minimum [201].
The specimens were stored at the laboratory ambient temperature of 23 ± 2o C for
24 hours and then were cured in a moisture room at a temperature of 23 ± 2o C and a relative
humidity (RH) of 95 ± 5% for 28 days. After curing, the CC specimens were taken out of
the moisture room and the surface of each specimen was dried using pieces of rag to make
the surface almost in the saturated-surface dry condition; then, the AAC mixtures were
placed to fill the other halves of the molds. Careful attention was given to keeping the
surface of the CC free from any contamination (e.g. from the formwork oil), and the surface
was thoroughly cleaned using pieces of wet rag before placing the repair material. No
surface treatments were applied to the surfaces of the CC half-cylinders before placing the
AAC. Thereafter, the specimens were placed in the laboratory ambient temperature for 48
hours. Then, they were demolded and cured in the moisture room for 28 days. CC cylinders
were also repaired using CC for comparison purpose. The CC repair material was cured
similarly to the CC substrate. Reference cylinders having the same dimensions as the
corresponding repaired specimens were constructed using the different mixtures and were
used to determine the compressive strengths of the substrate and repair materials. After
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curing, all specimens were capped using sulfur and tested under compression loading per
ASTM C39-17 [136]. The reported compressive strengths were the average of three
replicate specimens.

(a)

(b)

(c)

(d)

Figure 1: CC specimens (a) before repair with an inclination angle of 45o, and after repair
with inclination angles of: (b) 45o, (c) 33.75o, and (d) 22.5o before and after repair.
The vertical compressive loading that was applied to the specimens generated shear
and normal stresses on the interface surface per Eqs. 1 through 3 (Figure 2a) [211, 212].
Using the Mohr-Coulomb principles (Figure 2b), the adhesion and friction coefficient are
calculated using Eq. 4.
𝜎˳ = 𝐹⁄𝐴

(1)

σn = σ˳ 𝑠𝑖𝑛2 (𝛼)

(2)

τ𝑛 = 0.5 σ˳𝑠𝑖𝑛 (2𝛼)

(3)

τ𝑛 = c + 𝜎𝑛 𝑡𝑎𝑛 (𝜑)

(4)
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where: F is the failure vertical force, A is the cross-sectional area of the cylinders, σn and
τo are the normal and shear stresses applied to the interface surface, respectively, c is the
adhesion, and φ is the internal friction angle.

(a)
(b)
Figure 2: Slant shear test: (a) applied stresses, and (b) Mohr circle.
2.4.2. Pull-off Test. A layer of CC having a height of 75 mm was placed in each
150 x 150 x 600 mm beam mold. The prepared beams were cured similarly to the CC slant
shear specimens. Then, either no surface treatment (Figure 3a), a concrete bonding
adhesive (Figure 3b), or sandblasting was applied to each CC surface (Figure 3c). The
bonding agent was obtained from QUIKRETE and meets the requirements of ASTM
C1059-13 [210] type I and II. Thereafter, a layer of AAC mixture was placed against the
CC surface of each specimen and the repaired specimens were cured as described in the
slant shear test. Specimens repaired using CC material were also prepared. Full-depth CC
and AAC beams having no cold joints were also prepared for comparison purposes.
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After curing the beam specimens, 45 mm diameter and 112.5 mm deep cores were
wet-drilled into the beams (Figure 4). The cores were drilled using 50 mm disks with a
minimum centerline spacing between the disks of 100 mm and a minimum distance from
the center of a disk to the free edge of 50 mm. These distances follow the requirements of
ASTM C1583-13 [235]. The depth of the cores was selected to fully penetrate through the
repair material. After drilling, the beams were cleaned and left to dry. A fast setting epoxy
having a bond strength of 22 MPa was used to glue each core to an aluminum disk. The
epoxy was left to cure in the laboratory at ambient temperature for 24 hours, and then a
pull-off device was used to manually pull off the disk at approximately constant loading
rate of 5 mm/minute until failure occurred.

(a)

(b)

(c)

Figure 3: CC substrate surface before placing the AAC: (a) no treatment, (b) concrete
bonding adhesive, and (c) sandblasting.
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Figure 4: Geometry of the pull-off test beams (dimensions are in mm).

2.5. MICROSTRUCTURE ANALYSIS
Scanning electron microscopy (SEM) and energy dispersion x-ray analysis
(EDXA) were used to visualize and collect the elemental composition of the interface
surface of the repaired specimens, respectively. The images were acquired using a
secondary electron (SE) detector. FEI Helios Nanolab 600 DualBeam was used as the SEM
scope. Repaired slant shear test specimens were prepared also and were not tested under
compression for the purpose of acquiring the SEM images and collecting the elemental
compositions at the interface surfaces. A 15 mm thick disk was wet-cut along the interface
joint from each of the repaired slant shear test specimens (Figure 5). Then, approximately
25 x 15 x 15 mm samples were diamond dry-cut along the interface joints from each disk.
The surface of each sample was smoothed using sandpapers having grits of 360, 800, and
1200, respectively. Then, the samples were placed in an oven for 48 hours at 40o C. The
samples were mounted on aluminum stubs using adhesive and conductive double-sided
carbon pads. Thereafter, the tested surface of the samples was coated by gold prior to the
SEM testing. An elemental mapping was used to show the element concentrations of the
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CC, AAC, and interface surface. Also, a line scan analysis was carried out to show the
changes in the elemental concentration moving from the substrate material to the interface
surface to the repaired material. The elemental mapping and the line scan were acquired
for every specimen, but the results are presented for only two repaired specimens, using
mixture C26 and mixture CC, for space limitations.

CC side

AAC side

CC side

Bond line

AAC side

(b)
(a)
Figure 5: Sample preparations for SEM: (a) plan of the cylindrical disk and (b) tested
sample.

3. RESULTS AND DISCUSSION

3.1. SLANT SHEAR TEST
3.1.1. Modes of Failure and Strength. Three failure modes occurred for the
repaired specimens (Figure 6). Specimens that were repaired at 45o displayed a
compression failure of the concrete cylinders, indicating an excellent bond where the shear
demand on the repair was less than the bond between the substrate and repaired material
(Figure 6a). Specimens that were repaired at 22.5o displayed sliding along the interface
surface, indicating a weak bond (Figure 6c) and that the shear demand on the repair
exceeded the bond capacity. Specimens that were repaired at 33.75 o displayed a
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combination of sliding and damage to either the substrate, repaired, or both materials
(Figure 6b).

C21

C24

C26

C21

C24

C26

(a)

C29

C37

CC

C29

C37

CC

C29

C37

CC

(b)

C21

C24

C26

(c)
Figure 6: Failure modes of the specimens that were repaired at angles of: (a) 45o, (b)
33.75o, and (c) 22.5o.
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The compressive strength of the 100 x 200 mm full-height AAC specimens ranged
from 26.7 MPa to 40.3 MPa (Figure 7). The availability of calcium, silica, and alumina
contents plays an important role in the behavior of the AAC mixture [139], as they can
hydrate at ambient temperature forming CSH and/or CASH. Furthermore, those oxides can
go through a geopolymerization process in the existence of an alkaline solution, forming
networks of mineral molecules connected by covalent bonds [100, 140]. For the
investigated specimens, when the calcium content of the FA was increased, more CASH
products were produced, resulting in higher compressive strength as well as bond strength
for the AAC specimens and the interface surface between the AAC and CC, as discussed
in the microstructural analysis section.
The compressive strength of the full-height specimens were 26.7, 30.2, 37.3, 35.3,
40.3, and 35.8 MPa for C21, C24, C26, C29, C37, and CC, respectively (Figure 7). The
average compressive strength of all mixtures excluding C21 was 35.8 MPa, approximately
equal that of the CC mixture. C21 displayed relatively lower compressive strength
compared to the other specimens due to the lower calcium content of the used FA compared
to the FA types used in the other mixtures. Such slight variations in the compressive
strengths among the different mixtures despite using the same mix design were anticipated
due to the inherent variability in the chemical and physical properties of the used FAs as
well as the common variability when mixing concrete. Also, although that C29 had higher
calcium content than that of C26, the compressive strength of C26 was slightly higher than
C29 due to the relatively higher W/FA of C29 due to its higher surface area, as was
mentioned before. Increasing the W/FA resulted in a decrease in the concentration of the
alkali activators in the mixture which subsequently decreased the compressive strength.
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(a)

(b)
Figure 7: Compressive strength of the test specimens: (a) absolute, and (b) normalized
values.
Repairing CC specimens using AAC was quite successful, and the AAC repair
developed a bond strength with the substrate CC material similar to that of the CC repair.
Figure 7b shows the compressive strengths of the test specimens normalized by the
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compressive strength of the corresponding full-height cylinders. The normalized strength
of the specimens repaired using AAC at 45o, 33.75o, and 22.5o averaged 92%, 73%, and
61% while those repaired using CC displayed a normalized strength of 96%, 66%, and
60%, respectively. It is worth noting that improving the bond between the AAC repair and
CC could be done using a surface sandblasting; however, since the results of the AAC
repair were comparable to those of the CC repair, no surface treatment was carried out.
Furthermore, the effects of surface treatments were investigated in the pull-off tests.
3.1.2. Adhesion and Friction Coefficient. The vertical bond (σv) stresses of the
repaired specimens were calculated by dividing the vertical force by the interface elliptical
surface area between the two materials [234] (Figure 8a). The normal and shear stresses of
the repaired specimens were also calculated using Eqs. 2 and 3, respectively (Figure 8b
and c). When decreasing the inclination angle, the vertical bond stress decreased and the
ratio between the shear-to-normal stresses (τn/σn) increased (Figure 8). The normal stress
ranged from 11.8 to 18.3 MPa, 6.6 to 8.3 MPa, and 2.6 to 3.5 MPa for inclination angles
of 45o, 33.75o, and 22.5o while those of the shear stresses ranged from 11.8 to 18.3 MPa,
9.9 to 12.4 MPa, and 6.3 to 8.4 MPa. The relationship between the normal and shear
stresses of each mixture is shown in Figure 9, and it was linear. The relationship is linear,
following Eq. 4, with coefficients of determination (R2) ranging from 0.94 to 1.00 (Figure
9). The adhesion and friction coefficient ranged from 5.2 to 6.4 MPa and 0.59 to 0.68 for
the AAC repair and 5.6 MPa and 0.68 for the CC repair, respectively. The internal friction
angles ranged from 30.4o to 34.1o for AAC repair and 34.1o for CC repair, respectively
(Figure 10a).
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(a)

(b)

(c)
Figure 8: Stresses on repaired specimens: (a) vertical, (b) normal, and (c) shear stresses.
The adhesion increased with an increase in the calcium content of the precursor as
well as the √f’c of the AAC mixture with R2 of 0.95 and 0.92, respectively (Figure 10). It
is well documented that the bond strength increased with an increase in √f’c of the repair
material [126]. In the case of AAC, increasing the calcium content increased f’c and hence
improve the bond strength [203]. Furthermore, at the interface surface of the CC, the
calcium hydroxide (Ca(OH)2), which is a byproduct of the hydration reaction, does exist
on the surface of the CC as is discussed in the microstructural analysis section. When the
repair AAC mixtures were placed on top of the CC, the silica and alumina existing in the
FAs reacted with the Ca(OH)2 forming CSH and/or CASH, which caused the strong bond
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between the CC material and the AAC. Furthermore, when increasing the calcium content
of the FAs, more CSH and/or CASH are formed, resulting in a higher adhesion. More
discussion about this is presented in the results of the microstructural analysis section.
Furthermore, the average internal friction angle of the test specimens was 32.9o (Figure
10a), which matches those found in the literature for smooth CC surfaces [211, 236, 237].

Figure 9: Relationship between the normal and shear stresses of the repaired specimens
synthesized using the CC and AAC mixtures.

(a)
(b)
Figure 10: (a) Internal friction angle for the repaired specimens and (b) adhesion vs. √f’c
of the AAC mixtures and the calcium content of the FA used in synthesizing the AAC
mixtures.
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3.2. PULL-OFF TEST
Failure at the interface surface between the aluminum disk and the repair materials
indicated weak epoxy, and the test was considered a failed test (Figure 11a). For the
remaining beams, the surface treatment had an effect on the failure mode of the repaired
beams (Table 3). Approximately 90% of the repaired beams having no surface treatment
and 100% of those coated with the adhesive failed at the interface surface between the
repair and substrate materials (Figure 11b) indicating weak bond strength. The remaining
10% of the no-surface-treatment specimens failed in the repair material (Figure 11c).
Furthermore, 100% of the sandblasted beams failed within the CC substrate material
(Figure 11d), indicating a strong bond strength.

(c)
(d)
(a)
(b)
Figure 11: Failure of the pull-off specimens in: (a) top surface of the repair material, (b)
bond surface area, (c) repair material, and (d) substrate material.
3.2.1. No Surface Treatment. Repairing CC beams using either AAC or CC was
mostly unable to develop adequate tensile bond strength with the substrate CC material
(Figure 12a). Figure 12b shows the failure stress of the pull-off repaired specimens
normalized by the failure load of the corresponding full-depth specimens. Both AAC and
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CC repairs displayed similar performance. The normalized failure loads of the repaired
beams ranged from 62% to 93% for the AAC repair and 81% for the CC repair. The results
were relatively consistent. The average coefficient of variations (COV) was 16% for the
AAC repair and 8% for the CC repair. Furthermore, increasing the calcium content in the
precursor increased the pull-off strength of all AAC specimens except for C29 (Figure 12).
The precursor for C29 had the highest surface area among all FAs, and hence the W/FA
used for C29 was higher than the other mixtures to keep the same workability for all
mixtures. Increasing the W/FA resulted in a decrease in the concentration of the alkali
activators in the mixture which subsequently decrease the compressive strength. The
increase in water that was released, as explained later in this manuscript, resulted in this
drop in strength.
Table 3: Percent of Modes of Failure of the Test Specimens.
Mix
Mode of failure
Full-depth

Repaired

No treatment

Sandblasting
Bonding
adhesive

C21

C24

C26

C29

C37

CC

100%
Top
surface
33%
AAC
repair/
67%
Bond
100%
Substrate
material
100%
Bond

100%
Top
surface

50% Pulloff/50% Top
surface

100%
Pull-off

100%
Pull-off

100%
Pulloff

100%
Bond

100% Bond

100%
Bond

100%
Bond

100%
Bond

100%
Substrate
material
100%
Bond

100%
Substrate
material
100%
Bond

100%
Substrate
material
100%
Bond

100%
Substrate
material
100% Bond

N.A.
N.A.

3.2.2. Bonding Adhesive. Applying a concrete bonding adhesive to the surface of
the CC had a negative effect on the bond of all the repaired specimens (Figure 12). The
normalized failure load of the repaired coated beams ranging from 5% to 32% of the
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strength of the corresponding full-depth beams with a high average COV of 40%. Figure
13 shows that a complete separation occurred at the interface surface as the bonding
adhesive acted as a plane of separation, which weakened the bond, causing an earlier failure
compared with the specimens having no surface treatment. This could be attributed to the
moisture condition of the surface of the concrete [238]. The released water from the AAC
repair created a moisturized surface between the bonding agent and the repair, leading to
the early failure of the test specimens.

(a)

(b)
Figure 12: (a) Failure loads of the full-depth and repaired specimens and (b) full-depth
normalized failure load of the repaired specimens of the pull-off test.
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Figure 13: The bonding agent adhered to the AAC while fully separated from the
substrate. Note: the picture was edited using yellow lines to show the boundary of the
bonding adhesive.

3.2.3. Sandblasting. Sandblasted specimens displayed the highest failure load
values compared with the other specimens (Figure 12). The normalized failure loads of the
repaired sandblasted specimens ranged from 83% to 136% with an average COV of 5%.
The high strength of the sandblasted specimens can be interpreted as follows. During the
hardening process of an AAC material, part of the AAC internal water is released per Eqs.
5 and 6 [11] while another part is consumed in forming the geopolymer products [214].
The released water either evaporated or was entrapped inside the AAC, reducing its
strength. In the case of repair, sandblasting increased the roughness and porousness of the
CC surface; thereafter, the released water was absorbed by the CC. The absorbed water
improved the hydration process and strength of the substrate CC material compared with
the full-depth beam. Releasing the water improved the strength of the AAC compared to
that of the AAC full-depth beams. Furthermore, the high surface area of the roughened
surface exposed more silica from the FA, which reacted with the Ca(OH)2 from the CC
surface, forming CSH, which resulted in stronger bond strength between the two materials
compared to that of the specimens that received no surface treatment.
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( Si2 O5 , Al 2 O2 ) n + 3nH 2 O ⎯NaOH
⎯⎯/ KOH
⎯
⎯→ n(OH ) 3 − Si − O − Al − (OH ) 3
n

(5a)

(OH ) 3 − Si − O − Al − (OH ) 3 ⎯NaOH
⎯⎯/ KOH
⎯
⎯→(−SiO − O − Al − O − O−) n + 3nH 2 O (5b)
( Si2 O5 , Al 2 O2 ) n + 2nSiO2 + 4nH 2 O ⎯NaOH
⎯ ⎯/ KOH
⎯
⎯→
n(OH ) 3 − Si − O − Al − (OH ) 2 − O − Si(OH ) 3
n

(OH ) 3 − Si − O − Al − (OH ) 2 − O − Si(OH ) 3 ⎯NaOH
⎯ ⎯/ KOH
⎯
⎯→

(− SiO − O − Al − O − O − SiO − O −) n + 4nH 2

(6a)

(6b)

3.2.4. Comparison Between the Slant Shear and Pull-off Tests. Figure 14a
shows a comparison between the bond stresses of the slant shear test of the specimens that
had inclined surfaces of 45o and the pull-off test of the specimens that had no surface
treatment.
The bond stress was calculated by dividing the failure load by the interface surface.
As shown in Figure 14a, these pull-off results were lower than those of the slant shear due
to the differences in the testing procedure. The pull-off tests commonly displayed lower
bond strength than that of the slant shear tests [195].
Researchers correlated tension tests such as pull-off (i.e., direct tensile) or splitting
(i.e., indirect tensile) tests and the shear bond strength, i.e, adhesion [224, 225, 239, 240].
In this study, a strong linear correlation with an R2 value of 0.76 was found between the
direct tensile strength, ft, obtained from the pull-off testing and the adhesion obtained from
the slant shear test (Figure 14b).
Stronger correlation with an R2 of 0.88 was also found between indirect tensile
strength, fti, and adhesion obtained from the slant shear test. The indirect tensile strength
was calculated using Eq. 7 [168].
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(b)
(a)
Figure 14: (a) Bond strength by slant shear and pull-off tests and (b) adhesion vs both
direct and indirect tensile strength.

𝑓𝑡𝑖 = 0.487 √𝑓𝑐′

(7)

The C/ft and C/fti ranged from 1.9 to 2.6 and 1.9 to 2.1, respectively (Figure 14b)
which were approximately in the same range of 2.0 to 2.8 reported in previous research
[224]. Furthermore, those values compared well with those obtained using Eq. 8 [241]
ranging from 2.01 to 2.20 and 1.92 to 2.06 for the C/ft and C/fti. Furthermore, the cohesion
values obtained using the Mohr-Coulomb correlation (Figure 9), were compare to those
obtained using Eq. 8. (Table 4).
The errors in estimating the cohesion values using Eq. 8 are reported in Table 4
with maximum error values of 16.6% and 7.4% for the direct and indirect tensile strengths,
respectively. It should be noted that Eq. 8 was theoretically developed to predict the
cohesion. The fact that the experimentally obtained adhesion values match those calculated
using Eq. 8 is additional evidence that the repair was successful and bonded quite well to
the existing concrete.
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Table 4: Adhesion Obtained from Experimental Data Fitting and Predictive Model.
Mohr-Coulomb
linear fitting
(Figure 9)
Mixture

C (MPa)

C21
C24
C26
C29
C37

5.22
5.58
5.80
5.87
6.41

Pull-off
ft
(MPa)
2.15
2.25
2.35
2.25
3.33

C
(MPa)
4.35
4.68
5.20
4.96
6.69

Splitting tensile
Error in
C (%)
-16.6
-16.2
-10.4
-15.6
4.29

ft
(MPa)
2.51
2.67
2.97
2.89
3.09

C
(MPa)
4.83
5.24
6.04
5.82
6.36

Error in
C (%)
-7.39
-6.06
4.12
-0.82
-0.78

3.3. MICROSTRUCTURAL ANALYSIS OF ITZ
The SEM image, elemental mapping, and line scan of the specimens repaired using
C26 and CC are shown in Figure 15 and Figure 16, respectively. The figures show
concentrations of silicon (Si), calcium (Ca), and aluminum (Al) in the AAC side due to the
existence of FA, and Ca in the CC side due to the existence of OPC. Moreover, high
concentrations of silicon as well as calcium and magnesium represent the fine and coarse
aggregate particles, respectively. There was a gradual transition in the elemental
concentration moving from the AAC to the CC (Figure 15b) with no sudden drop in the
elemental concentration, indicating a good bond between the two materials. Similarly,
there was a gradual transition in the elemental concentration moving from the CC substrate
side to the CC repair side without having a lack of elements at the interface surface between
the two materials (Figure 16b).

𝑐=

0.5 𝑓𝑐′ 𝑓𝑡
√𝑓𝑡 (𝑓𝑐′ −3𝑓𝑡 )

(8)
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Figure 15: SEM testing: (a) SEM and elemental mapping and (b) an elemental line scan
of the repaired specimen using C26.
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Figure 16: SEM testing: (a) SEM and elemental mapping and (b) an elemental line scan
of the repaired specimen using CC.
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For the AAC repaired specimens (Figure 15b), the concentration of the calcium,
silicon, and aluminum at the interface surface were at average values between those in the
AAC and CC sides. For example, the concentration of the calcium at the AAC side was
low, and then it increased at the interface surface due to the accumulation of the calcium
from the FA and the Ca(OH)2 that existed on the CC interface surface (Figure 16b); then,
the calcium content increased at the CC side due to the existence of OPC (Figure 15b).
Placing the AAC on the top surface of the CC triggered the reaction between the calcium
from the Ca(OH)2 and the silica and alumina from the FA resulting in CASH and/or
calcium sodium aluminate silicate hydrate (CNASH). Creating these products improved
the bond strength between the two materials, leaving no gap between them.
Figure 17 shows the SEM images of the AAC repair and CC repair at the interface
surface. As shown in the figure, the interface surface showed continuity between the two
materials without any sign of singularity. As was mentioned earlier, the tested samples
were cut from the repaired cylinder using a diamond saw followed by smoothing the
surface of the samples using sandpaper. Therefore, the existence of micro cracks was
observed in the samples may occur due to the preparation process.
The elemental composition of the AAC and CC of all the repaired specimens was
determined using the EDXA (Figure 17). Ca/Si of the formed products of the repaired
specimens at the AAC side and the interface surface increased gradually from mixture C21
to C37 due to the increase in the calcium content in the precursors. Furthermore, Si/Al of
the formed products of the repaired specimens at the interface surface was lower than that
at the AAC side, which indicated that the calcium ions from the Ca(OH)2 balanced the
negative charge of the aluminum and formed CASH at the bond zone. For the specimen
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that was repaired using CC, the interface surface of the repaired specimen displayed high
Ca/Si, compared with that of the CC (Figure 17f). The calcium existed on the surface of
the substrate material in the form of Ca(OH)2, while the calcium and silicon existed in the
form of CSH as a product of the hydration (Figure 17f).

Figure 17: SEM and EDRX of the repaired specimens using (a) C21, (b) C24, (c) C26,
(d) C29, (e) C37, and (f) CC mixtures.
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4. FINDINGS AND CONCLUSIONS

This study presents the results of slant shear and pull-off tests that were carried out
to characterize the bond strength between the CC and AAC as a repair material. The bond
between CC as a substrate material and CC as a repair material was also investigated for
reference purposes. In addition, pull-off tests were also carried out on full-depth AAC and
CC beams. The following can be concluded:
•

The compressive strength of the CC was 35.8 MPa while those of the AAC mixtures
ranged from 26.7 MPa to 40.3 MPa with an average of 34.0 MPa despite using the
same mix design for all AAC mixtures, expect C29 where the water-to-binder ratio
was increased by 10% compared to other mixtures as the surface area of the FA
used in the case of C29 was significantly higher than those of all other FAs. The
differences in the compressive strengths of the AAC mixtures was due to the
differences in the chemical compositions of the FAs used. Generally, when
increasing the calcium content of the FA, the compressive strength increased.

•

Both the CC and AAC repair performed similarly during the slant shear test. Three
failure modes occurred depending on the inclination angle of the interface joint
between the repair and substrate material. The difference between the CC and AAC
repaired specimen strengths resulted mainly from the variation in the compressive
strength of the repair material.

•

The adhesion increased with an increase in the calcium content of the precursor as
well as the square root of the compressive strength of the AAC mixture due to the
formation of more CSH and CASH at the interface surface.
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•

The adhesion and friction coefficient ranged from 5.2 to 6.4 MPa (755 to 930 psi)
and 0.59 to 0.68 for the AAC repairing and 5.6 MPa (820 psi) and 0.68 for the CC
repairing mixtures, respectively.

•

The pull-off strengths of the repaired beams (whether the repair was CC or AAC)
were lower than those of the full-depth beams, except for the sandblasted substrate
material which displayed strengths higher than those of the full-depth beams and
trigger the failure to be in the substrate material, rather than the interface surface
between them.

•

An analytical model defined using Eq. 8 was able to correctly predict the adhesion
between the AAC repair material and CC substrate material as a function of the
indirect and direct tensile strength of the repair material.

•

SEM images and elemental line scan showed that there was a gradual transition in
the elemental concentration moving from the AAC to the CC with no sudden drop
in the elemental concentration, indicating a good bond between the two materials.

•

The concentration of the calcium, silicon, and aluminum at the interface surface
were at average values between those in the AAC and CC sides, where placing the
AAC on the top surface of the CC that were rich of Ca(OH)2 triggered the reaction
between the calcium from the Ca(OH)2 and the silica and alumina from the FA
resulting in CASH and/or CNASH, which improved the bond strength between the
two materials leaving no gab between them.
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VI. DURABILITY OF CLASS C FA-BASED ALKALI-ACTIVATED CONCRETE
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ABSTRACT

The durability of alkali-activated concrete (AAC) synthesized using high calcium
fly ashes (FAs) was studied. Surface resistivity, bulk electrical resistivity, chloride ion
penetration, and freeze-thaw resistance tests were carried out on AAC made with five
different FAs. The specimens were either oven-or moist-cured. The effect of adding air
entraining admixture (AEA) and recycled crumb rubber to the AAC specimens on the
freeze-thaw resistance was investigated as well. It was found that the durability of AAC
was higher than that of comparable ordinary Portland cement (OPC) concrete. Adding the
AEA improved the freeze-thaw resistance but not enough to complete the 300 cycles, per
ASTM C666-15. Adding the rubber improved the freeze-thaw resistance significantly.
Keywords: Class C fly ash; slag; crumb rubber; alkali activated concrete; fresh properties;
compressive strength; durability; ambient curing; oven curing.

1. INTRODUCTION

Alkali-activated concrete (AAC), was developed as a potential environmentally
friendly replacement for ordinary Portland cement (OPC) concrete [6]. The binder in AAC
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consists of recycled materials containing aluminosilicate precursors such as fly ash (FA),
and/or slag and alkali activators such as sodium silicate (SS) and sodium hydroxide (SH).
AAC possess attractive characteristics such as structural performance comparable to that
of OPC concrete [242], lower shrinkage [13], high sulfate attack resistance [13] and acid
attack resistance [16, 243], lower water absorption and sorptivity [243], chloride attack
resistance [244], and lower creep [245]. However, there is no consensus on the freeze-thaw
resistance of AAC where the performance was fair to excellent [33, 76, 78, 80, 82, 83, 85,
148, 246]. This variation is due to the difference in mix designs, curing regimes, and
variations in the chemical/physical properties of the precursors used to synthesize the AAC.
The relative dynamic modulus of elasticity for four AAC mixtures synthesized
using blast furnace slag ranged from 90% to 100% after 500 freeze-thaw cycles [76, 246].
The weights and strengths of slag-based alkali-activated mortar specimens remained
constant before and after 25 freeze-thaw cycles [85]. The excellent behavior of the slagbased AAC can be attributed to the continuous curing process during the freeze-thaw cycles
in water which resulted in a material with low porosity.
The freeze-thaw resistance of the class F FA-based AAC is controversial [33, 78,
80, 82, 83, 85]. The dynamic modulus of elasticity was 95% after 300 freeze-thaw cycles
[80]. In a different study, the losses in the specimens’ weight and strength were
approximately 7% and 14% for

mortar mixtures after 25 freeze-thaw cycles [85].

Furthermore, the losses in specimens’ weight were approximately 2% [83] and 3% [82] for
concrete mixtures after 300 freeze-thaw cycles. However, the losses in compressive and
flexural strengths of mortar mixtures were approximately 22% and 46%, respectively, after
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50 freeze-thaw cycles [33]. Also, the loss in compressive strength of mortar mixtures was
approximately 30% after 150 freeze-thaw cycles [78].
The loss in weight of AAC having binary system slag/class F was approximately
6.5% after 25 freeze-thaw cycles [85]. Furthermore, adding the OPC as a partial
replacement to class F FA improved the freeze-thaw resistance compared with the
specimens synthesized using class F FA only [78]. The slag and OPC are sources of
calcium, which continue to hydrate under high humidity conditions during the freeze-thaw
testing.
Adding air entrained admixtures (AEAs) is a well-established approach to improve
the freeze-thaw resistance of conventional concrete [84]. However, AEAs did not show
robust success in improving the freeze-thaw of AAC [76, 78, 80, 82, 83]. This inconsistent
behavior was due to the high presence of organic materials, in form of unburned carbon,
within the FA compared to OPC [247, 248].
Studies on freeze-thaw resistance of class C FA-based AAC are limited. The
compressive strength of AAC synthesized using class C FA decreased after sustaining 40
freeze-thaw cycles due to formation of calcium hydroxide (Ca(OH2)) and/or calcium
aluminate silicate hydrate (CASH) having weak structures that increase the permeability
of the paste [148]. Slag-based AAC performed better than class C-based AAC although
both have a high calcium content. This is related to the higher reactivity of the slag due to
its sub-angular to angular particle shapes [249] that make the available silica and alumina
from the precursor react with the formed Ca(OH)2 and forms additional CSH, which makes
the matrix more dense and has higher strength.
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Another attribute to the durability of concrete is resistance to chloride ions. Class F
FA-based AAC displayed excellent resistance to chloride ingress compared to that of OPC
subjected to seawater exposure [250]. Chloride permeability of binary system class F
FA/slag-based AAC was lower than that of OPC, and the resistance increased with an
increase in the slag content in the binder [251]. However, class F FA-based alkali-activated
paste and mortar displayed higher chloride penetration compared to OPC, and any
improvement in the chloride ions resistance was observed with an increase in the slag
substitution to the FA due to the reduction in the pore sizes [252, 253]. The low chloride
penetration resistance of class F FA-based AAC is due to: 1) the absence of
tricalciumsilicate (C3A) that enables formation of chloride binding to minimize the
penetration,

where

the

chlorides

react

with

C 3A

to

form

chloroaluminate

3CaO.Al2O3.CaCl2.10H2O, or Friedel’s salt, that subsequently reduces the chloride
penetration [253, 254]. 2) There is no continuous gain in strength with time [253].
A versatile approach that can indicate concrete durability is the electrical resistivity
[255-257]. A high electrical resistivity indicates a small pore network with low
connectivity, leading to low permeability of concrete. Relationships have been developed
that correlate the rapid chloride ions penetration (RCIP) test per ASTM C1202 [258], the
surface resistivity per AASHTO TP 95 [255], and the bulk resistivity per ASTM C176012 [256] of OPC concrete [257]. However, such relationships were not validated for AAC.
There is a lack of studies on resistivity of FA based AAC and generally, the resistivity of
class F FA-based AAC was found to be very low [259], which indicated high corrosion
risk per AASHTO TP 95 [255]. Moreover, the surface and bulk resistivity of class F FAbased AAC was far less than that of OPC [260]. This occurred as there is a large number
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of mobile metallic ions, such as Na+, available in the pore solution of AAC that carry more
electrical current which may compromise the resistivity test measurements [259, 260].
The durability of class C FA-based AAC with five different FAs and three curing
systems were investigated in this study. The durability was investigated by determining the
freeze-thaw resistance, surface resistivity, bulk electrical resistivity, and rapid chloride ion
penetration. The effects of using AEAs and rubber on the freeze-thaw resistance of the
AAC mixture were determined as well.

2. EXPERIMENTAL INVESTIGATION

2.1. MATERIALS
Five different FAs with different chemical and physical properties were used to
synthesize AAC in this study. The FAs were classified per ASTM C618-15 [119] as class
C, and their chemical compositions were determined using an X-ray fluorescence test
(Table 1). The FAs were named according to their calcium contents, where, for example,
FA26 has a calcium content of 26%. A surface area and pore size analyzer was used to
measure the surface area of each FA based on the Brunauer-Emmett-Teller (BET) theory
(Table 1). A pycnometer was used to measure the specific gravity of each FA per ASTM
C604-12 (Table 1) [261]. Two alkali activators (Alk), SH having a molarity of 10M and
SS having 44.1% (w/w) of Na2SiO3 with a SiO2/Na2O of 2.0 and 55.9% (w/w) of H2O with
a specific gravity of 1.53 g/cm3 (2579 lb/yd3), were used in this study.
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Crumb rubber having particles passing through sieve No. 50 (0.3 mm (0.0125 in))
and retained on sieve No. 100 (0.15 mm (0.006 in)) was also used as admixture for some
specimens.
Table 1: Chemical compositions of FAs.
Chemical composition
SiO2, %
Al2O3, %
Fe2O3, %
CaO %
MgO %
Na2O %
K2O %
TiO2 %
P2O5 %
MnO %
Loss in ignition %
Specific gravity
BET surface area, m2/kg

FA21
43.9
20.1
4.96
21.2
4.29
2.87
0.70
1.36
0.51
0.05
0.40
2.81
2921

FA24
40.4
17.5
4.72
24.1
9.39
1.17
0.48
1.40
0.79
0.02
0.62
2.87
2858

FA26
42.3
17.9
4.73
25.9
4.74
1.58
0.56
1.44
0.89
0.04
0.12
2.70
1446

FA29
37.9
17.4
3.67
28.8
8.00
1.85
0.39
1.17
0.71
0.04
0.82
2.89
3925

FA37
36.9
14.0
3.52
37.0
4.80
1.62
0.62
0.87
0.70
0.03
0.50
2.97
2560

2.2. SAMPLE PREPARATION
Following Gomaa et al. [218], the Alk/FA and SS/SH in the mixtures investigated
in this study were 0.30 and 1.0, respectively. The W/FA was adjusted in each mixture based
on the workability demand (Table 2). As shown in Table 2, the mixtures were divided into
two test matrixes. Test matrix 1, which included 11 mixtures synthesized using the five
types of FA, was tested for permeability tests including surface resistivity, bulk electrical
resistivity, and RCIP. Test matrix 2, which included 13 mixtures synthesized using four
types of FAs having the lowest and highest calcium content among the investigated FAs,
was tested for the freeze-thaw resistance. Out of each FA, half of the permeability test
specimens were oven-cured while the other half were moist-cured. For freeze-thaw
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resistance specimens, specimens that were prepared using the two FAs that had the lowest
calcium content were oven-cured while the other specimens were moist-cured. A
conventional concrete (CC) mixture was also prepared as a reference mixture.
Table 2: Design of the concrete mixtures for durability testing.

Freeze-thaw test matrix

Permeability Test matrix

Mix*
C21-O*
C21-M*
C24-O
C24-M
C26-O
C26-M
C29-O
C29-M
C37-O
C37-M
CC-M
C21-O
CA21-O
CR21-O
C24-O
CA24-O
CR24-O
C29-M
CA29-M
CR29-M
C37-M
CA37-M
CR37-M
CC-M

W/FA CAa Sand FA
W
or W/C (kg/m3)(kg/m3)(kg/m3)(kg/m3)
0.34 972
811
450 78.3
0.34 972
811
450 78.3
0.35 956
799
450 87.0
0.35 956
799
450 87.0
0.36 956
799
450 87.0
0.36 956
799
450 87.0
0.38 945
788
450 96.0
0.38 945
788
450 96.0
0.37 953
795
450 91.9
0.37 953
795
450 91.9
0.54 1088 907
307
175
0.34 972
811
450 78.3
0.34 972
811
450 78.3
0.37 953
795
450 91.9
0.36 956
799
450 87.0
0.36 956
799
450 87.0
0.38 945
788
450 96.0
0.38 945
788
450 96.0
0.38 945
788
450 96.0
0.40 932
775
450
103
0.37 953
795
450 91.9
0.37 953
795
450 91.9
0.40 932
775
450
103
0.54 1088 907
307
175

Curing Add
Oven
Moist
Oven
Moist
Oven
Moist
Oven
Moist
Oven
Moist
Moist
Oven
Oven
Oven
Oven
Oven
Oven
Moist
Moist
Moist
Moist
Moist
Moist
Moist

Ab
Rc
A
R
A
R
A
-

f’c Slump Air
(MPa) (mm) Con.
37.4 200 1.3
45.6 200 1.3
45.6 190 1.5
47.1 190 1.5
30.8 215 1.9
47.4 215 1.9
25.2 175 1.1
45.6 175 1.1
29.9 200 1.0
47.8 200 1.0
33.0 165 2.0
37.4 200 1.3
35.8 225 2.0
27.3 190 2.9
34.2 175 1.5
27.3 200 2.5
22.6 115 2.2
45.6 175 1.1
36.3 215 3.0
30.1 125 2.8
47.8 200 1.0
46.5 225 2.5
33.0 190 3.0
33.0 165 2.0

Alk/FA = 0.30, SS/SH = 1.0, SS = 67.5 kg/m 3, and SH = 67.5 kg/m3
a
CA: coarse aggregate; 1 kg/m3 = 0.062428 kg/m3 = 1.685555 lb/yd3; 1 MPa = 145 psi; 1 mm = 0.04 in
b
A: air entraining admixture
c
R: rubber
*
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AEA and crumb rubber were also used to investigate their effects on the freezethaw resistance of AAC mixtures (Table 2). The dosage of the AEA, BASF Master AE200,
was 32 mL/100 kg (0.51 x 10-3 ft3/100lb) of FA, which was in the manufacturer’s
recommended range. Crumb rubber was added at a volume equal to 4% of the total volume
of the mixture. The nomenclatures of the AAC mixtures (Table 2) start with the letter C
for concrete, followed by either the letter A or R for a mixture with AEA or crumb rubber,
respectively, followed by the percentage of calcium content in the used FA, followed by
the letter O for oven curing or M for moist curing.

2.3. SAMPLE CASTING AND CURING
The fresh concrete of each mixture was cast in 100 x 200 mm (4 x 8 in) cylinders,
75 x 75 x 400 mm (3 x 3 x 16 in) prisms, and 75 x 100 x 400 mm (3 x 4 x 16 in) prisms.
For oven-cured specimens, the specimens had two hours rest time followed by encasing
them in oven bags and placing them in an electrical oven at 70o C (158o F) for 24 hours.
Beyond that, the specimens were left to cool down for one hour to avoid sudden changes
in their temperatures. Thereafter, the specimens were demolded, stored in the moisture
room at a temperature of 23 ± 2o C (73 ± 3o F) and relative humidity (RH) of 95 ± 5% until
the testing day at the age of 28 days. The moist curing regime included two days rest time
followed by demolding the specimens and placing them into a moisture room.

2.4. CONCRETE PROPERTIES AND DURABILITY TESTING PROCEDURES
The slump, air content, compressive strength, and surface resistivity of the different
concrete mixtures were determined per ASTM C143-15 [132], ASTM C231-14 [262],
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ASTM C39-17 [136], and AASHTO TP 95 [255] (Figures 1a and 1b), respectively. For
the surface resistivity, four different readings at angles of 0o, 90o, 180o, and 270o around
the circumference of each specimen were measured, and their average value was
calculated. The cylinders that were used for the surface resistivity were also used to
measure the bulk electrical resistivity per ASTM C1760-12 [256]. The two ends of each
specimen were ground to provide flat and smooth surfaces prior to measuring the bulk
electrical resistivity (Figures 1c). The setup consisted of two steel plates and two pieces of
foam in wet condition. The two pieces of foam were placed on the top and bottom of each
test cylinder. The steel plates were then placed so that they sandwiched the foam pieces
and test cylinders. The average of the resistivity readings of two replicate specimens per
mixture was calculated and reported.

(a)
(b)
(c)
Figure 1: Electrical surface resistivity test (a) and (b) surface resistivity test, and (c) bulk
resistivity test.

The RCIP of the concrete per ASTM C1202-17 [258] was assessed as follows. A
50 mm (2 in) thick concrete disk was cut from each cylinder. The test started with coating
the sides of the disk with a non-permeable epoxy to prevent the penetration of any liquid
through the disk perimeter surface during the testing process, i.e., to ensure a unidirectional
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flow through the surfaces of the disks. Each disk was placed inside a vacuum desiccator;
then, the desiccator was sealed, and a vacuum pump applied a pressure of 6650 Pa (0.965
psi) for 3 hours. Thereafter, while the vacuum pump was still running, the water stopcock
was opened, and sufficient water was drained into the desiccator until the specimens were
fully covered by the water. The water stopcock was closed, and the vacuum pump was
allowed to run for one additional hour; then, the pump was turned off. The specimens were
left immersed in water for 18 hours (Figure 2a). Then, the disks were placed between two
cells (Figure 2b). One of the cells was filled with a 0.3N NaOH solution and the other cell
was filled with a 3% NaCl solution. Thereafter, the disks were subjected to 60 volts and
tested for 6 hours (Figure 2c). The performance of the specimens was assessed per ASTM
C1202-17 [258] (Table 3) [258].

(a)

(b)

(c)
Figure 2: RCIP test (a) soaking a disk under water, (b) placing a disk between two cells,
and (c) running the test.
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Table 3: Surface resistivity and RCIP tests results assessment.
Permeability class
High
Moderate
Low
Very Low
Negligible

Resistivity according to
AASHTO TP 95 (kohm-cm)
< 12
12-21
21-37
37-254
>254

Charge passed according to
ASTM C1202 (Coulombs)
>4000
2000-4000
1000-2000
100-1000
<100

The 75 x 75 x 400 mm (3 x 3 x 16 in) prisms were tested for freeze-thaw test per
procedure A of ASTM C666-15 [263] while the 75 x 100 x 400 mm (3 x 4 x 16 in) prisms
were tested for freeze-thaw test per procedure B of ASTM C666-15 [263]. The prisms
tested in procedure A were completely immersed in water while they were subjected to
freezing and thawing cycles. Those tested in procedure B were left in air during the freezing
phase of each cycle while immersed in water during the thawing phase of each cycle.
Before subjecting the prisms to the freezing and thawing cycles, the fundamental transverse
frequencies of the specimens were measured using the ultrasonic pulse velocity test (Figure
3). The freezing and thawing cycle sets consisted of 36 cycles for procedure A and 9 to 35
cycles for procedure B. Testing continued until a test specimen was either subjected to
maximum number of cycles of freeze-thaw or the test specimen lost more than 40% of its
original relative dynamic modulus of elasticity. The maximum number of cycles was 300
cycles per ASTM C666-15 [263]. The relative dynamic modulus of elasticity (Pc) after c
cycles of freezing and thawing and the durability factor (DF) for each specimen were
calculated per Eqs. 1 and 2 [263] with c being the number of cycles at which Pc reaches the
specified minimum value for discontinuing the test or the specified number of cycles at
which the exposure is to be terminated, whichever is less.
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𝑃𝑐 = (𝑛12 ⁄𝑛2 ) 𝑥 100

(1)

𝐷𝐹 = 𝑃𝑐 𝑐 ⁄𝑀

(2)

where n and n1 are the fundamental transverse frequencies at 0 and c cycles of freezing and
thawing, respectively, and M is the specified number of cycles at which the exposure is to
be terminated [263].

Figure 3: Ultrasonic pulse velocity test.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. FRESH PROPERTIES AND COMPRESSIVE STRENGTH
Adding the rubber and AEA resulted in higher air content compared with their
reference mixtures (Table 2). However, adding the rubber to the AAC mixtures required
adding higher W/FA to maintain approximately the same workability for all mixtures and
avoid the flash setting of the AAC mixtures (Table 2). Higher W/FA reduces the pH of the
mixture and decreases the concentration of the alkali activators in the mixture, resulting in
slow dissolution of the FA particles. Moreover, the water is added to the mixture before
the alkali activators. Adding more water will increase the lubrication of the FA particles
and decrease the direct contact between the FA particles and the alkali activators which
also decelerate the FA dissolution rate.
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The compressive strength of the CC mixture was 33.0 MPa (4780 psi) while that of
the AAC mixtures ranged from 22.6 MPa (3280 psi) to 47.8 MPa (6940 psi) (Table 2).
Adding the rubber and the AEA resulted in lower compressive strength compared with
their reference mixtures due to the higher W/FA in the case of specimens incorporating
rubber and higher air content in the case of specimens incorporating AEA. Furthermore,
the compressive strength of the oven-cured specimens increased with a decrease in the
calcium content in the FA used (Table 2). The presence of calcium interferes in the
geopolymerization process, reducing the compressive strength of the AAC [218].
However, the compressive strength of the moist-cured specimens increased with an
increase in the calcium content in the used FA. The hydration reaction that forms
CASH/CSH in AAC systems requires the presence of high calcium content and high
relative humidity and needs time to gain full strength [216-218]. Therefore, mixtures C21
and C24 were selected to be oven-cured while mixtures C29 and C37 were selected to be
moist-cured before carrying out the freeze-thaw tests.

3.2. PERMEABILITY TESTS
The surface resistivity values of the oven- and moist-cured AAC specimens ranged
from 11.6 to 35.1 kΩ.cm and 10.3 to 19.9 kΩ.cm, respectively, while that of the CC was
9.2 kΩ.cm. The bulk electrical resistivity values of the oven- and moist-cured AAC
specimens ranged from 31.4 to 79.8 kΩ.cm and from 29.8 to 62.1 kΩ.cm, respectively,
while that of the CC was 29.5 kΩ.cm. The surface resistivity and bulk electrical resistivity
values of the CC mixture represent approximately 26.2% to 89.3% and 34.0% to 99.0% of
those of the corresponding AAC mixture values, respectively (Figure 4). Furthermore,
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surface resistivity and bulk electrical resistivity values of the oven-cured specimens were
higher than those of the moist-cured specimens by approximately 108% to 251% and 98%
to 226%, respectively. The RCIP values of the oven- and moist-cured AAC specimens
ranged from 1578 to 4219 Coulombs and 2459 to 5152 Coulombs, respectively (Figure
4c). The CC mixture displayed the highest RCIP value among all the mixtures with a value
of 6964 Coulombs. The RCIP value of the CC mixture represents approximately 135% to
441% of that of the AAC mixture values. Furthermore, RCIP values of the moist-cured
specimens were higher than those of the oven-cured specimens by approximately 97% to
206%. The CC mixture had W/C of 0.54, and the AAC mixture had W/FA of 0.36, which
explained the poor performance of the CC mixture compared with those of AAC. Waterto-binder ratio is an important parameter that affects the quality of a concrete paste (Figure
5). Electrical current passes through voids filled by water in the paste during the resistivity
and RCIP tests. Therefore, increasing the paste content in a concrete mixture and/or the
water-to-binder ratio in a concrete paste decreases its resistivity and increases its
permeability, resulting in less durability [264]. This study does not aim to carry out a direct
comparison of the performance of CC and AAC mixtures; rather it aims to compare the
durability of AAC mixtures having similar strength and workability to a CC mixture. The
AAC and the CC mixtures used during this study were designed to have similar slump
values and compressive strengths (Table 2). In the CC mixture and AAC mixtures, W/C of
0.54 and W/FA of 0.36 with a paste content 19.5% and 27.6% of the total volume of the
concrete mixture were required to get slump values of 162.5 mm (6.50 in) and 200 mm
(8.00 in) and compressive strengths of 33.0 MPa (4780 psi) and 39.1 MPa (5670 psi),
respectively. Furthermore, the AAC mixtures had higher alkali content compared with that
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of the CC mixture due to the added alkali solutions, which means high concentration of
ionic species, i.e., Na+ and OH-, in the pore solution. Therefore, the Cl- ions are
electronically driven into the pore network and increase the transferred charge during the
resistivity and RCIP tests [265, 266]. The CC mixture still, however, displayed higher
RCIP and lower resistivity values, indicating lower durability than the AAC.

(a)

(b)

(c)
Figure 4: (a) Surface resistivity, (b) bulk electrical resistivity, and (c) RCIP results.
A relatively strong and moderate linear correlation between the W/FA and RCIP
test results was found with R2 of 0.74 and 0.50 for the moist- and oven-cured specimens,
respectively. Furthermore, the RCIP results of specimens C26-M and C37-O were outliers,
possibly due to changes in the temperature while taking the reading of those specimens.
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(a-1)

(a-2)

(b-1)

(b-2)

(c-1)
(c-2)
Figure 5: W/FA vs. (a) surface resistivity (b) bulk resistivity and (c) RCIP (Note: (a-1, b1, c-1) results of all specimens and (a-2, b-2, and c-2) results of all specimens without the
outlier results and with considering the fc factor).
Similarly, the surface resistivity and bulk electrical resistivity results of specimens
C24-O, C26-M, C37-O were outliers. Therefore, the results of those specimens were
eliminated, and the remaining results are presented in Figures 5a-2, 5b-2, and 5c-2.
Removing those results, the linear correlation between the W/FA and the different
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parameters improved significantly with R2 ranging from 0.98 to 1.0 (Figure 5a-2), 0.95 to
0.97 (Figure 5b-2), and 0.85 to 0.99 (Figure 5c-2) for surface resistivity, bulk electrical
resistivity, and RCIP tests’ results.
The surface resistivity values of the test specimens are linearly correlated to the
bulk electrical resistivity values with R2 value of 0.92 (Figure 6a). Furthermore, both the
surface resistivity and bulk electrical resistivity were found to be nonlinearly correlated to
the RCIP with R2 of 0.75 and 0.73, respectively (Figures 6b and 6c).

(a)

(b)

(c)
Figure 6: The relationship between (a) surface resistivity and bulk electrical resistivity,
(b) surface resistivity and RCIP, and (c) bulk electrical resistivity and RCIP.
The corrosion potential evaluations of the specimens based on the surface resistivity
and RCIP tests were the same (Figure 4) except for C37-M, which was a borderline
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specimen having a surface resistivity value of 10.8 kΩ.cm and hence was assessed as a
high-corrosion-risk concrete according to the surface resistivity test, but was assessed as a
moderate-corrosion-risk concrete per the RCIP. However, it should be noted that should
the surface resistivity measurement change by 11%, reaching a value of 12 kΩ.cm,
specimen C37-M would be classified as having moderate corrosion resistance by surface
resistivity and RCIP approaches. It should be noted that these limits were empirically
developed, and hence such discrepancies at the limits are anticipated.
Figure 7 shows the relationship between the normalized durability attributes and
the calcium content of the precursor FAs. The figure is presented for the full set of data
(Figures 7a-1, 7b-1, and 7c-1) and also after excluding the outlier data points (Figures 7a2, 7b-2, and 7c-2) as explained earlier. The results were normalized using compressive
strength factor (fc factor) to consider the slightly different compressive strength for each
specimen where the resistivity values were divided by the fc factor while the RCIP test
results were multiplied by the fc factor. The fc factor for a specimen was calculated by
dividing the compressive strength of that specimen by the minimum compressive strength
obtained for that curing regime (oven or moist curing). Comparing Figures 7a-1, 7b-1, and
7c-1 and Figures 7a-2, 7b-2, and 7c-2, a significant improvement in the R2 of the different
relationships were obtained. Figure 7 reveals that: 1) Mixture C29 showed the lowest
electrical resistivity and the highest RCIP values among the other mixtures. That can be
related to the highest W/FA that mixture C29 had, compared with the other mixtures, which
increased the permeability of that mixture; 2) Mixture C24 displayed concrete permeability
higher than mixtures C21 and C26, although it had a calcium content in between those two
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mixtures. This suggests that another parameter affected the performance of this mixture.
FA24 had the highest magnesium oxide content among the other FAs.

(a-1)

(a-2)

(b-1)

(b-2)

(c-1)
(c-2)
Figure 7: Effect of the calcium content in the FA on (a) surface resistivity, (b) bulk
resistivity, and (c) RCIP (Note: (a-1, b-1, c-1) results of all specimens and (a-2, b-2, and
c-2) normalized results of all specimens without the outlier results).
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The magnesium oxide was in inactive condition which could be considered a
contamination for the mixture which was shown in the x-ray diffraction results [209].
However, the effects of magnesium on the permeability of AAC needs a more rigorous
analysis.
With an increase in the calcium content, the durability measured by the three tests
decreased for both curing regimes due to the formation of Ca(OH2) and CASH which had
weak structures that increased the permeability of the paste [148]. 4) The oven-cured
specimens showed higher durability than the moist-cured specimens. The elevated
temperature enhances the geopolymerization reaction forming mainly NASH product.

3.3. FREEZE-THAW TEST
3.3.1. Procedure A. Figures 8 through 10 show the shape of the specimens after
being subjected to the cycles of freezing and thawing. Figures 11 and 12 show the Pc and
the DF of the different mixtures at the end of the test, respectively.
As shown in the figures, the DF of the CC mixture of 3.0 was the lowest among all
the mixtures (Figure 12). Although the CC mixture had a compressive strength equal to or
slightly lower than that of the AAC mixtures, the CC specimens were damaged after only
36 cycles. That can be related to the high W/C of the CC mixture compared with the W/FA
that was used in the AAC mixtures. It is worth noting that Missouri Department of
Transportation (MoDOT) requires a minimum air content of 5% in concrete mixtures
subjected to harsh weather; however, for comparison purposes only, all mixtures had air
content less than 3%.
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0 cycle
216 cycles
(a) C21-O

0 cycle
72 cycles
(b) CA21-O

0 cycle

72 cycles
(c) CR21-O

0 cycle
36 cycles
(d) C24-O

0 cycle
72 cycles
(e) CA24-O
(i)

0 cycle

324 cycles
(f) CR24-O

0 cycle

144 cycles
(a) C29-M

0 cycle

180 cycles

(d) C37-M

0 cycle

180 cycles

(b) CA29-M

0 cycle

288 cycles

0 cycle

324 cycles

(c) CR37-M

0 cycle

324 cycles

(e) CA37-M
(f) CR37-M
(ii)
Figure 8: (i) Oven- and (ii) Moist cured AAC mixtures after freeze-thaw cycles per
procedure A of ASTM C666-15 [263].
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0 cycle

36 cycles
CC
Figure 9: CC before and after freeze-thaw cycles per procedure A of ASTM C666-15
[263].

(a)

(b)
Figure 10: (a) Dynamic modulus of elasticity and (b) durability factor for the test
specimens following procedure A of ASTM C666-15 [263].
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3.3.1.1. Effect of FAs and curing regime. As shown in Figures 11 and 12,
mixtures C37-M and C21-O displayed Pc of 61% up to 180 cycles and 71% up to 180
cycles, respectively; beyond that a gradual degradation occurred, and the specimens failed
at approximately 180 and 188 cycles and showed durability factors of 36.0 and 37.2,
respectively. However, specimens C29-M and C24-O were less successful and displayed
Pc of 77% up to 108 cycles and 60% up to 26 cycles, respectively; beyond that a gradual
degradation occurred, and specimens failed at approximately 117 and 26 cycles and
showed durability factors of 24.4 and 5.2, respectively.
Both C21-O and C24-O were oven-cured; however, the freeze-thaw resistance of
the C21-O that was synthesized using FA having a relatively low calcium content was
higher than that of C24-O that was synthesized using FA having a relatively high calcium
content. Furthermore, both C37-M and C29-M were moist-cured; however, the freeze-thaw
resistance of the C37-M that was synthesized using FA having a relatively high calcium
content was higher than that of C29-M that was synthesized using FA having a relatively
low calcium content. Moreover, mixtures that were moist-cured had higher compressive
strengths than those what were oven-cured, which reflected on the freeze-thaw resistance
as well.
The compressive strength of specimens C37-M and C29-M were 47.8 MPa (6940
psi) and 45.6 MPa (6610 psi). However, the compressive strength of specimens C21-O and
C24-O were 37.4 MPa (5420 psi) and 34.2 MPa (4960 psi). Figure 13 showed that with an
increase in the compressive strength of the AAC specimens having no additives and tested
using procedures A or B, the DF increased.
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Figure 11: The compressive strength vs. DF of AAC specimens having no additives.
3.3.1.2. Effect of rubber. Adding the rubber worked better in the case of moistcured AAC mixtures synthesized using relatively high calcium FAs, while it did not
significantly improve the freeze-that resistance of oven-cured AAC mixtures synthesized
using relatively low calcium FAs. Only mixture CR24-O displayed a slight improvement
in the freeze-thaw resistance compared with its reference mixture C24-O (Figures 11 and
12). Mixtures CR24-O, CR29-M, and CR37-M, which included rubber, outperformed all
specimens and passed the 300 cycles with a Pc of 86%, 92%, and 105% and with a
durability factor of 86.0, 91.9, and 104.5, respectively, which exceeded the 60% Pc required
by ASTM C666-15 [263]. The rubber acted as an internal spring in the mixtures, which
would be compressed during the freeze stage and compensate for the increase in the volume
of the frozen water; afterwards, the rubber returns to its original size once the water thawed.
Therefore, adding the rubber to the AAC mixtures improved its freeze-thaw resistance
significantly, except in mixture CR21-O.
3.3.1.3. Effect of AEA. The effect of adding AEA to the AAC displayed an
improvement in the freeze-thaw resistance, except for mixture CA21-O. However, it was
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not enough to make the AAC specimens pass 300 cycles without losing 40% of its Pc.
Mixtures CA29-M and CA37-M displayed Pc of 81% up to 144 cycles and 75% up to 252
cycles, respectively; beyond that a gradual degradation occurred, and specimens failed at
approximately 154 and 265 cycles and displayed durability factors of 30.8 and 53.0,
respectively (Figures 11 and 12). However, specimens CA21-O and CA24-O were less
successful and failed at 56 and 48 cycles and showed durability factors of 11.2 and 9.6,
respectively. Adding the AEA did not improve the freeze-thaw resistance of oven-cured
AAC specimens due to the following reasons: Either the AEA dosage that was
recommended by the manufacturer was not enough to produce sufficient air bubbles in the
concrete, and/or the chemistry of the AEA type used was affected negatively when it was
cured at an elevated temperature. Further studies are required to confirm the reason behind
these results.
3.3.2. Procedure B. Five mixtures were tested following procedure B of ASTM
C666-15 [263] (Figures 14 and 15). The DF of the CC mixture was the lowest among all
the mixtures. Although the CC mixture had a compressive strength similar to that of the
three AAC mixtures (C21-O, CA21-O, and CR37-M), the CC specimens were damaged
after only 9 cycles. Furthermore, the results of the AAC specimens tested under procedure
B displayed the same conclusion as procedure A, where, adding the rubber improved the
freeze-thaw resistance of the AAC mixture that had a relatively high calcium content and
was moist-cured. Mixture CR37-M displayed a DF of 75.9 compared to a DF of 33 for
mixture C37-M. Furthermore, mixture CR37-M sustained 311 freeze-thaw cycles while
mixture C37-M sustained only 165 freeze-thaw cycles. At the conclusion of the cycles, the
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Pc for mixture CR37-M was 79% after 278 freeze-thaw cycles while for C37-M, it was
71% after 153 freeze-thaw cycles.

Figure 12: Dynamic modulus of elasticity vs. time for the test specimens following
procedure B of ASTM C666-15 [263].

Figure 13: Durability factor for the test specimens following procedure B of ASTM
C666-15 [263].
Adding the AEA did not improve the freeze-thaw resistance of the AAC mixture
that had a relatively low calcium content and was oven-cured as concluded in procedure
A. Mixture CA21-O displayed a DF of 4.1, compared to DF of 9.0 for mixture C21-O.
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Furthermore, mixture CA21-O sustained only 21 freeze-thaw cycles while mixture C21-O
sustained 45 freeze-thaw cycles. At the conclusion of the cycles, the Pc for mixture CA21O was 79% after 9 freeze-thaw cycles while for CA21-O, it was 73% after 27 freeze-thaw
cycles.

4. SUMMARY, FINDINGS, AND CONCLUSIONS

This paper presents the surface and bulk electrical resistivities, rapid chloride ion
penetration (RCIP), and freeze-thaw resistance of AAC and CC mixtures. Based on the
results of this experimental investigation, the following conclusions are drawn:
1. There was a good agreement and correlation between the evaluation of the surface
and bulk resistivities and that of RCIP tests. Based on the surface resistivity and
RCIP tests, most of the AAC mixtures had low to moderate permeability and
chloride ion penetrability. However, the CC mixture showed a high permeability
and chloride ion penetrability.
2. When increasing the W/FA and calcium content of the FA, the durability of the
AAC mixtures decreased by increasing the permeability.
3. All AAC mixtures displayed higher freeze-thaw resistance compared with that of
the CC mixture, although they have a comparable compressive strength.
4. The CC mixture failed after only 36 and 9 cycles following procedure A and B per
ASTM C666-15 [263], respectively. All other AAC mixtures were able to resist
from 19 to 324 cycles of freeze-thaw for both procedures A and B per ASTM C66615 [263].
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5. The durability of the AAC was improved significantly by adding rubber. The rubber
specimens successfully passed 324 cycles with a durability factor reaching 104.5
following ASTM C666-15 procedure A, and 311 cycles with a durability factor of
75.9 following C666-15 procedure B, respectively.
6. The durability of the AAC was improved by adding the AEA for the moist-cured
specimens but did not improve enough to pass the ASTM C666-15 limits.
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SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS
This research aimed to investigate the feasibility of using locally available fly ashes
(FAs) to synthesize Alkali-activated concrete (AAC) for different structural and repair
applications. AAC is a relatively new class of concrete that does not include any ordinary
Portland cement (OPC) and relies on other alternative materials such as fly ash, slag, etc.
as the binder material.
Five different types of class C FAs sourced from Labadie (FA37), Jeffery Energy
Center (FA29), Kansas City (FA26), Thomas Hill (FA24), and Sikeston (FA21) power
plants, in the state of Missouri, were used to synthesize the AAC used in this report. Two
different alkali activators (Alk) were used in this study as aggregates: sodium silicate (SS),
Na2SiO3, and sodium hydroxide (SH), NaOH, with a fixed molarity of 10M. River sand
and dolomite were used for synthesizing mortar and concrete. Slag, crumb rubber, and airentraining admixture (AEA) were used in few mixtures as additives to improve the
durability of AAC.
The mixing procedure, water (W)/FA, Alk/FA, SS/SH, curing regime, fresh
properties, mechanical properties, durability, repair applicability, and cost analysis of the
AAC were investigated in this study. To address these parameters and properties,
approximately 300 mortar and concrete mixtures were investigated. A 5000 psi MoDOT
conventional concrete (CC) mixture was prepared and tested for comparison purposes.
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Twelve different mixing procedures (four for mortar and eight for concrete) were
investigated. W/FA ranging from 0.26 to 0.60, Alk/FA ranging from 0.2 to 0.4, and SS/SH
ranging from 0.0 to 2.5 was examined. The investigated fresh properties included the
slump, unit weight, air content, and temperature. The investigated mechanical properties
included the compressive strength, splitting tensile strength, modulus of rupture (flexural
strength), and modulus of elasticity. The durability testing included the freeze-thaw
resistance, surface resistivity, bulk electrical conductivity, and rapid chloride ion
penetration. The AAC repair applicability tests included the slant shear and pull-off tests
to examine the bond between AAC and CC.
This study applied three curing regimes to the AAC specimens to investigate the
effect of the different curing regimes on the mechanical properties AAC. The first curing
regime included oven curing where the specimens were encased in oven bags and placed
in an electric oven at different curing temperatures and curing periods with 158o F (70o C)
for 24 hours being the most common thermal curing regime. The second curing approach
included ambient curing in the laboratory at the room temperature of 73o F (23 ± 2o C). The
third curing approach included moist curing in the moisture room at a temperature of 73o
F (23 ± 2° C) and relative humidity of 95 ± 5% until the testing day. Based on the
experimental investigation of this application, the following conclusions can be drawn:
3.1.1. Mixing Procedure. Mixing the water with all the AA mortar/concrete solid
ingredients before adding the alkali activators was essential where it prevented flash setting
and poor workability. In addition, it resulted in a good workability, setting time, and
compressive strength.
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•

Mixing at higher speed, adding the alkali activators gradually over five minutes
rather than one minute, and mixing the SS and SH before adding them to the mixer
increased the workability, setting times, and the compressive strength.
3.1.2. Effect of W/FA, Alk/FA, and SS/SH. With constant Alk/FA and SS/SH,

increasing the W/FA resulted in higher setting time and workability. While the compressive
strength increased with increasing the W/FA ratio from 0.350 to 0.375 with Alk/FA of
0.250 and from 0.400 to 0.450 with Alk/FA of 0.300 for FA having high relatively high
calcium content as the extra water was used to form more CASH/CSH.
•

With constant W/FA and SS/SH, increasing the Alk/FA decreased the setting time
and workability. While the compressive strength increased due to increasing the
alkali (Na2O) concentration which increased the solubility of the silica and alumina.

•

Increasing the SS/SH from 0.5 to 2.5, the workability started to reduce gradually
due the high viscosity of the SS.

•

The setting time increased with increasing the SS/SH from 0.5 to 1.0. Thereafter, it
decreased with increasing the ratio from 1.0 to 2.5 with W/FA ratio of 0.400 and
Alk/FA ratio of 0.250. While the setting time for the SS/SH ratios 0.5, 1.0, and 1.5
were almost the same with W/FA ratio of 0.450 and Alk/FA ratio of 0.300.

•

The highest compressive strengths of the ambient-cured mixtures were at SS/SS of
0.5 and 1.0, while the highest compressive strengths of the oven-cured specimens
were at SS/SS of 1.0 and 1.5 for both fly ashes.

•

For the ambient cured specimens, the highest compressive strength was 20.69 MPa
at W/FA of 0.450, Alk/FA of 0.300, and SS/SH of 1.0 for FA having high relatively
high calcium content-based mortar. While the highest compressive strength was
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20.80 MPa at W/FA of 0.400, Alk/FA of 0.275, and SS/SH of 1.0 for FA having
high relatively low calcium content-based mortar.
•

For the oven cured specimens, the highest compressive strength was 41.1 MPa at
W/FA of 0.375, Alk/FA of 0.250, and SS/SH of 1.0 for FA having high relatively
high calcium content-based mortar. While the highest compressive strength was
40.23 MPa at W/FA of 0.400, Alk/FA of 0.300, and SS/SH of 1.0 for FA having
high relatively low calcium content-based mortar.
3.1.3. Mix Design. AAC having W/FA of 0.34, 0.34, 0.35, 0.380, and 0.350 for

FA21, FA24, FA26, FA29, and FA37, respectively, Alk/ FA of 0.300, SS/SH of 1.0, and
FA content of 759 lb/yd3 (28.1 lb/ft3) resulted in workable AAC with a compressive
strength exceeding 4000 psi and hence adequate for most structural applications.
3.1.4. Mechanical Properties of Oven-cured AAC. The calcium content in a FA
reduces the compressive strength of thermally cured AAC. AACs synthesized using class
C FAs having relatively lower calcium content displayed higher compressive strengths
reaching 37.8 MPa while those with relatively high calcium content displayed lower
compressive strengths reaching 25.1 MPa.
•

All AAC mixtures reached approximately 92% of its 28-day compressive strength
after one-day compared to 29% only in the case of CC. Therefore, AAC can be
used in applications where rapid strength gain is required such as urgent repair,
precast industry, etc.

•

The ACI 318-14 and CEB-FIP model code overestimated the splitting tensile
strength of AACs and CC. The ACI 318-14 underestimated, however, the flexural
strengths of AACs and CC. The CEB-FIP model code overestimated the flexural
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strengths of AACs. The AS 3600 underestimated the splitting tensile and flexural
strength of AACs. The measured data was used to develop a set of equations to
accurately predict the flexural and splitting tensile strengths.
•

SE images of the AAC mixtures synthesized using relatively low calcium content
displayed more compacted matrices compared with those synthesized using high
calcium content which explained their relatively higher compressive strength.

•

The XRD of the AAPs synthesized using relatively low calcium content FAs did
not display any new crystal compounds while those synthesized using high calcium
FAs displayed CASH crystalline products, such as katoite and zoisite, due to the
hydration process.
3.1.5. Mechancial Properties of Ambient-cured AAC. The compressive strength

of the AAC cured at the ambient temperature increased with increasing the calcium content
of the FA.
•

The compressive strength significantly increased from 1 to 7 days for dry ambientand moist ambient-cured specimens. Beyond 7 days, the rate of increase in the
strength decreased for the moist ambient-cured specimens, however, the dry
ambient-cured specimens showed approximately a constant strength.

•

SE images of the AAPs showed that AAC mixtures that were moist ambient-cured
and synthesized using relatively high calcium content displayed more compacted
and less porous matrixes compared with those of dry ambient-cured and low
calcium content which explains their relatively higher compressive strength.

•

EDS spectrums of dry ambient- and moist ambient-cured AAPs showed the
formation of aluminosilicate gel containing calcium (C-N-A-S-H). In addition, for

242
the dry ambient- and moist ambient- cured AAPs, showed the formation of
hydration products which had the calcium as the main element such as (C-S-H)
and/or (C-A-S-H), but the dry oven cured AAPs showed the formation of the pure
aluminosilicate gel (N-A-S-H).
•

XRD patterns of the AAPs showed that the intensities of peaks of the different
compounds of all AAPs synthesized using the five FAs were decreased with
increasing the testing age and with changing the curing regime from dry ambient to
moist ambient curing which explains the improvement in the compressive strength
of the different AAC specimens with time. Also, the XRD patterns showed the
appearance of C-S-H/C-A-S-H products, i.e., Katoite for the moist ambient-cured
specimens which explains their relatively high compressive strength.

•

TG analyses showed that for dry ambient-, moist ambient-, and dry oven-cured
AAPs with increasing the calcium content of the FA, the mass loss increased at
temperature of 1000o C due to more C-S-H/C-A-S-H were formed and subsequently
more moisture was evaporated from the decomposed of C-S-H/C-A-S-H. The mass
loss increased form changing the curing from moist ambient to dry ambient to dry
oven which showed the formation of the hydration products the most in case of
moist ambient curing.

•

Network ratio and number of constraints methods could be used as alternative
classifications for the conventional classification using the ASTM to determine the
reactivity of FAs in the high pH median cured at the ambient temperature which
better inform and enhance the use of FA as main precursor for AAC without
scarifying concrete performance.
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3.1.6. Repair of Oven-cured AAC. The results of the slant shear test were affected
by the interface bond angle. At an angle of 45o, a compression failure occurred with only
an average of 3.4% decrease in the failure strength of the repaired specimens compared to
those of the full-height specimens. However, for smaller interface bond angles, sliding
along the interface joint and/or compression failures occurred.
•

The adhesion coefficient increased with an increase in the calcium content of the
FAs. The average coefficient of friction and internal friction angle of the AAC
repair were 0.61 and 31o, respectively.

•

The SEM/EDS results showed the formation of CSH and/or CASH at the interface
joint which resulted in a strong bond between the substrate and repair materials.

•

The prominent mode of failure of the repaired beams that had no treatment or
bonding agent was at the interface joint between the substrate and repair materials.
This occurred whether the repair was carried out using CC or AAC.

•

Surface treatment, such as sandblasting, improved the bond strength between the
repair and substrate material significantly. However, applying a concrete bonding
adhesive weakened the bond.

•

The pull-off strengths of the repaired beams (whether the repair was carried out
using CC or AAC) were less than that of the full-depth beams, except for the
sandblasted beams which displayed strengths higher than those of the full-depth
beams and triggered the failure to be in the substrate material or the AAC repair
material, rather than at the interface joint between them.

•

AAC synthesized using FAs that had relatively high calcium content displayed
higher pull-off strengths than those with relatively low calcium content.
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3.1.7. Repair of Ambient-cured AAC. Both the CC and AAC repair performed
similarly during the slant shear test. Three failure modes occurred depending on the
inclination angle of the interface joint between the repair and substrate material. The
difference between the CC and AAC repaired specimen strengths resulted mainly from the
variation in the compressive strength of the repair material.
•

The adhesion increased with an increase in the calcium content of the precursor as
well as the square root of the compressive strength of the AAC mixture due to the
formation of more CSH and CASH at the interface surface.

•

The pull-off strengths of the repaired beams (whether the repair was CC or AAC)
were lower than those of the full-depth beams, except for the sandblasted substrate
material which displayed strengths higher than those of the full-depth beams and
trigger the failure to be in the substrate material, rather than the interface surface
between them.

•

An analytical model defined using Eq. 8 was able to correctly predict the adhesion
between the AAC repair material and CC substrate material as a function of the
indirect and direct tensile strength of the repair material.

•

SEM images and elemental line scan showed that there was a gradual transition in
the elemental concentration moving from the AAC to the CC with no sudden drop
in the elemental concentration, indicating a good bond between the two materials.

•

The concentration of the calcium, silicon, and aluminum at the interface surface
were at average values between those in the AAC and CC sides, where placing the
AAC on the top surface of the CC that were rich of Ca(OH)2 triggered the reaction
between the calcium from the Ca(OH)2 and the silica and alumina from the FA
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resulting in CASH and/or CNASH, which improved the bond strength between the
two materials leaving no gab between them.
3.1.8. Durability. There was a good agreement and correlation between the
evaluation of the surface and bulk resistivities and that of RCIP tests. Based on the surface
resistivity and RCIP tests, most of the AAC mixtures had low to moderate permeability
and chloride ion penetrability. However, the CC mixture showed a high permeability and
chloride ion penetrability.
•

When increasing the W/FA and calcium content of the FA, the durability of the
AAC mixtures decreased by increasing the permeability.

•

All AAC mixtures displayed higher freeze-thaw resistance compared with that of
the CC mixture, although they have a comparable compressive strength.

•

The CC mixture failed after only 36 and 9 cycles following procedure A and B per
ASTM C666-15 [263], respectively. All other AAC mixtures were able to resist
from 19 to 324 cycles of freeze-thaw for both procedures A and B per ASTM C66615 [263].

•

The durability of the AAC was improved significantly by adding rubber. The rubber
specimens successfully passed 324 cycles with a durability factor reaching 104.5
following ASTM C666-15 procedure A, and 311 cycles with a durability factor of
75.9 following C666-15 procedure B, respectively.

•

The durability of the AAC was improved by adding the AEA for the moist-cured
specimens but did not improve enough to pass the ASTM C666-15 limits.
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3.2. RECOMMENDATIONS FOR FUTURE WORK
While this study showed the feasibility and advantages of using the locally
available class C FAs to synthesize AAC concrete, further studies are still required to finetune the characterization long term durability of AAC. This includes the following issues:
•

The durability of AAC under the effects of deicing salts, which is a major issue in
the transportation infrastructure in the U.S.

•

The effects of different superplasticizers on slump retention, workability, and
strength of AAC.

•

The rheological properties of AAC, especially the workability retention.

•

Trial placement of large-scale AAC deck and footing in the laboratory to explore
the performance of AAC.

•

Repair of RC beams using AA mortar. Both slant tests and pull-off tests showed
the potential of using AAC in repair. However, both tests do not represent the
realistic conditions and state of stresses that AAC repair will sustain during service,
hence it needs to be investigated.
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